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Spin transfer torque magnetic random access memory (STT-MRAM) devices have been 
known as the most promising future non-volatile memory candidate. Compared to the 
in-plane anisotropy magnetic materials, magnetoresistive devices with perpendicular 
magnetic anisotropy (PMA) allow lower write current, improved thermal stability and 
therefore excellent scalability for future applications. The objective of this thesis was to 
investigate different magnetic materials with PMA for emerging and future MRAM 
technology. As a result, efforts are made into engineering different material design 
structures to be applicable in real MRAM applications. In this particular thesis, we 
focused on studying three different classes of magnetic materials; Thin CoFeB with 
interfacial PMA for emerging MRAM applications was investigated and a specific 
stack with higher thermal stability and therefore smaller cell size was proposed. We 
have also studied Co /Pd -based multilayers with PMA for near-future MRAM 
applications; and finally, chemically ordered L10 FePt growth for future MRAM 
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C H A P T E R  1  
1. INTRODUCTION 
A new class of non-volatile magnetoresistance memory devices which offered higher 
density, random access and non-vilatile memory (NVM), was introduced by Dr. Arthur 
Pohm and Dr. Jim Daughton at Honeywell, in 1984 [1]. This new type of NVM was 
introduced as “magnetoresistive random access memory (MRAM)” to the world. 
MRAM is followed by a description of cell configurations with improved signal levels 
including MRAM cells with giant magnetoresistance (GMR) stack configuration, 
Pseudo-Spin Valve (PSV) cells, or cells using spin dependent tunnelling (SDT) 
structures. 
Magnetic field-induced switching was the first approach in the early stage of MRAM 
technology. In this simple method, each cell lies between a pair of write lines above and 
below each cell. A current is passed through the  lines resulting to an induced magnetic 
field at the junction of each cell which the writable plate picks up. The applied magnetic 
field is responsible to reverse the magentization orientation in magnetic layers of each 
cell. Soon, this type of MRAM became attractive to many large IC manufacturers (e.g. 
Samsung, NEC, Toshiba, Samsung, Freescale etc.,) as a potential universal memory. 
However, in order to guarantee 10 years of data retention, the energy barrier (Eb) 
between two stable magnetic configuration has to be larger than 70 kBT. The Eb is 
proportional to the volume of the magnetic materials, as well as uniaxial anisotropy 
(Ku). Larger Eb implies either maintaining the magnetic material volum of the recording 
(storage) layer, or increasing the effective magnetic anisotropy (Keff). In both cases, the 
 2 
switching field threshold may exceed the writing field and thus making the writing 
unattainable.  
Another approach, the toggle MRAM, was introduced in where it is designed to use 
multi-step write with a modified multi-layer cell. The cell is modified to contain an 
"artificial antiferromagnet" where the magnetic orientation alternates back and forth 
across the surface, with both the pinned and the free layers, consisting of multi-layer 
stacks isolated by a thin "coupling layer". The resulting layers have only two stable 
states, which can be toggled from one to the other by timing the write current in the two 
lines. Therefore, one state is slightly delayed, thereby "rotating" the field. Any voltage 
less than the full write level increases its resistance to flipping. This means that other 
cells located along one of the write lines will not suffer from the half-select problem, 
allowing for smaller cell sizes. 
However, one of the main challenges in toggle-MRAM is increase in the 




, by decreasing the cross-section of bit 
lines and word lines. Furthermore, the write power continusly increases that makes 
these concepts not viable at small technology nodes.To conclude, toggle-MRAM is not 
potential to operate at smaller nodes (below 90 nm). These challenges made MRAM 
market to be out of companies interests.  
Nevertheless, in late 1990s, magnetic field switching MRAM was replaced by current 
switching MRAM, using the physics of spin-torque transfer (STT) which was shown by 
Berger [2] and Slonczwski [3]. The STT switching could solve the scalability issue of 
field-induced switching thatmakes MRAM competitive with the other non-volatile 
memory devices.  
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1.1 Perpendicular Anisotropy over In-Plane Anisotropy  
MRAM devices including tunnel junctions-based magnetic materials with in-plane 
anisotropy have already been commercialized. However, magnetic tunnel junctions 
(MTJs) including magnetic materials with perpendicular anisotropy are highly being 
developed in many research laboratories, in order to be used for future MRAM 
applications. The reason is that compare with in-plane magnetic materials, the 
perpendicular anisotropy materials show higher spin transfer switching (STS) 
efficiencies and improved thermal stability which are equaly important factors for long-
term data storage, which corresponds to the scalability of the nanoscale devices [4, 5]. 
Figure 1.1 shows principle of the magnetization switching paths and energy barrier 
induced by spin torque and thermal fluctuation. As it is shown in Figure 1.1(a), there 
are different paths for magnetization switching, in STT devices-based magnetic 
materials with in-plane anisotropy that are induced by either thermal fluctuation or spin 
torque. In case of thermal fluctuation, strong out-of-plane demagnetization field 
generated from thin film geometry prevents magnetization switching via out-of-plane 
path which this corresponds to magnetic layer to switch via rotation in the film plane. 
However, the mechanism of spin torque induced switching requires the magnetization 
to precess around the in-plane easy axis before it gets past the equatorial out-of-plane, 
resulting in switching via out-of-plane path. Thus, for the STT switching in magnetic 
materials with in-plane anisotropy, the spin-torque energy should overcome an 
additional energy barrier (demagnetization energy) which does not contribute to the 
stability of the magnetization against the thermal fluctuation, as shown in the bottom 
picture of Figure 1.1(a). On the other hand, in the perpendicular STT devices, 
magnetization switching pass the same barrier state in which the magnetization is 
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aligned in-plane, regardless of the mechanism either by spin-torque or thermal 
fluctuation (Figure 1.1(b)).  
 
 
Figure 1.1  Magnetization switching paths induced by spin torque and thermal fluctuation at (a) in-
plane and (b) perpendicular STT devices. The bottom pictures shows energy barrier for 
achieving magnetization switching with different anisotropy. 
Therefore, it is estimated that STT switching is opposed by the demagnetization field 
in the in-plane devices while it is preferred in the perpendicular field, indicating that 
the perpendicular devices should have a lower energy barrier for the STT switching. 
The magnitude of the critical current for the STT switching can be estimated by using 
the previous results of related studies. In the macrospin model which assumes entirely 
collinear magnetization inside the element, the critical current for switching in the 
system with perpendicular uniaxial anisotropy is given under the macrospin 



































        Equation 1.2 
In the above equations, ApPCI
  and pAPCI
 are the critical current for two switching 
states, former is parallel to antiparallel state (Equation 1.1) and the latter is 





103 11 ), “α” is the Gilbert damping constant, “Ms” is the saturation 
magnetization, “V” is the volume of the free layer, “p” corresponds to the spin 
polarization value of the current and “g(θ)” refers to the angle dependent spin-torque-
transfer efficiency factor as a function of the relative angle between the magnetization 

























                       Equation 1.3 
The following field terms in Equation 1.1 and Equation 1.2 are included for 
calculating the effective field of the free layer; thus, HKL - AπMs is the “effective 
uniaxial anisotropy field” calculated by the subtraction of the out-of-plane 
demagnetizing field from the “perpendicular uniaxial anisotropy field” Hext is the 
external field, and Hdip is the “dipolar field” from hard layer acting on the free layer, 
respectively. 
1.2 Objectives and Thesis Outlines 
This thesis was defined to investigate PMA materials for MRAM applications. To that 
extent, challenges and limitation blocking these materials to be used in real MTJ device 
structures were introduced. A part of the challenges are explained in this report and are 
focused to be solved in different chapters.  
 6 
This thesis is composed of five more chapters that are leading to the research goals 
posed below. Some of the described observations or results in the current report are 
paraphrased from the submitted or published materials by the PhD candidate.  
The formatting of the chapters was altered to integrate them well into this thesis. 
In Chapter 2, an overview of the theory and structure of GMR-based spin valves and 
TMR-based MTJ stacks, as well as some fundamentals and requirements for MRAM 
technology are provided. The chapter is continued by introducing the key challenges in 
conventional MRAM, so that is introducing current switching MRAM-based in-plane 
or perpendicular anisotropic ferromagnetic materials. Advantages in MRAM devices 
using PMA materials lead this chapter to provide recent achievements in STT-MRAM. 
In Chapter 3, the key equipment, characterization tools and fabrication method, used 
for deeper understanding of the devices with PMA layers are described, shortly. A brief 
description of MgO optimization in magnetron sputtering system will also be explained 
in the following of the chapter. 
In Chapter 4, Co/ Pd-based multilayers are introduced as the candidates for emerging 
MRAM” applications. Different studies are conducted in order to investigate different 
effects on improvement of perpendicular anisotropy of Co/ Pd-based multilayers in 
both PSV and MTJ structures. The story continues to the discovery of PMA in thin 
layer of CoFeB that is known to be the most interesting material for “emerging 
MRAM” applications. The key problem heading of the thin layer of CoFeB with PMA 
is introduces to be thermal stability. The new material stack layer is invented in order to 
improve the thermal stability by increasing the CoFeB thickness without scarifying the 
PMA. 
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One vision for this thesis is to investigate materials for “future MRAM” applications 
which that are chemically ordered L10 FePt. Therefore, in Chapter 5, processes to 
achieve long range ordering (LRO) of FePt are described through different deposition 
conditions. By paying heed to key parameters for MTJ structures, e.g. bottom electrode 
conductivity, lower deposition temperature and smoothness at the FePt interface, 
different textures by varying the seedlayers are investigated in order to achieve 
chemically ordered FePt phase with the maximum ordering. 
The last part, Chapter 6, concludes this thesis, besides providing the discussions 
which will suggest the future works. 
Below, a brief summary of the contents in terms of research questions that can be 
posed for the goal and sub-goals stated above: 
 How to improve PMA in Co/ Pd-based multilayers in both PSV and MTJ 
structures? 
o To be explained in Chapter 4. 
 CoFeB, amorphous or crystalline? 
o To be discussed in Section 4. 5. 
 How to increase thermal stability, (in CoFeB/ MgO/ CoFeB), without 
scarifying the PMA? 
o To be explained in Chapter 4. 
 How to provide a good texture, in order to achieve highly ordered L10 FePt 
with lower deposition substrate temperature and smoother interface surface? 
o To be explained in Chapter 5. 
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C H A P T E R  2  
2. BACKGROUND AND MOTIVATION 
In conventional electronic devices, information could be represented, transported and 
manipulated in the form of the charge of an electron. However, in recent solid state-
devices, information could be controlled and manipulated in the form of not only charge 
of the electrons, but spin of electrons, in the field. This is called spin-electronics 
(spintronics). The first remarkable industrial success by spintronics has been achieved 
in read head sensors, by being used in hard disk drives (HDDs). The effect that is 
utilized in these sensors is called giant magnetoresistance (GMR). While tunneling 
magnetoresistance (TMR) is the most important discovery in the field of Spintronics. 
TMR effect which arises from magnetic tunnel junction (MTJ) cells could be utilized in 
another sophisticated solid-state device which is called magnetoresistive random access 
memory (MRAM). 
In this chapter we will shortly review the basic concepts behind different mechanisms 
of magnetoresistance, in particular both GMR and TMR effects. We will also pay 
special attention to the devices developed based on these mechanisms, particularly, 
concentrating on MRAM and spin-transfer-torque magnetic random access memory 
(STT-MRAM). Finally, we also give a brief review on different magnetic materials 
with perpendicular anisotropy that could be used in the magnetic stacks that would be 
applied in MRAM and STT-MRAM devices. 
2.1 Giant Magnetoresistance (GMR) in Spin Valve Structures  
GMR was first discovered in 1988 independently by Albert Fert [1] and Peter 
Grunberg [2, 3] on Fe/ Cr/ Fe multilayers grown by molecular beam epitaxy (MBE). 
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GMR occurs in multilayer stacks composed of ferromagnetic (FM) materials, such as 
Fe, Co and Ni or their alloys such as CoNi, NiFe and CoFe that are separated by non-
magnetic materials such as Cu, Cr, or Au [2-8]. The magnetic materials were 
antiferromagnetically coupled through a thin spacer layer at zero magnetic fields, 
yielding a high resistance (also known as “1” state). The magnetization of the 
magnetic layers were aligned in parallel orientation. An increase in the applied 
magnetic field shall lead to resistance decrease known as “0” state. The large 
magnitude of the resistance change led them to name this effect as the “giant” 
magnetoresistance effect. 
The GMR phenomenon typically is the consequence caused by different density of 
states (DOS) at the Fermi levels for spin-up and spin-down states, due to spin-split 
energy bands. Therefore, different scattering probability for spin-up and spin-down 
electrons happens while each spin is conserved during electron transportation, see 
Figure 2.1. This scattering probability is dependent to the magnetization of the layers 
in which the spins are traveling through. To conclude, GMR is caused by spin 
dependent tunneling, also known as spin dependent scattering [9].  
In 1990, Parkin et al. [10], studied Fe/ Cr polycrystalline superlattice structures, deposited 
using magnetron sputtering. Later in 1991, they found GMR effect in a wide variety of 
multilayers, such as Co/ Ru and Co/ Cr [9-12]. The same author and his collaborators also 
observed that FM layers could be coupled ferromagnetically or antiferromagnetically at 
zero fields, as a function of Cr spacer layer thickness. In this study, the GMR magnitude 
varied from a finite to zero value following by the oscillating FM and antiferromagnetic 
(AFM) coupling as the spacer thickness increased. This oscillation in the GMR magnitude 
is attributed to the oscillation of the interlayer exchange coupling between the FM layers 
separated by the spacer layer. The coupling oscillated between the “negative” and 
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“positive” values of the interlayer exchange coupling constant. FM layers were aligned 
parallel, when the interlayer exchange coupling showed positive value (FM coupling). 
However, the FM layers were aligned antiparallel, when the interlayers exchange coupling 
showed negative value (AFM coupling). 
 
Figure 2.1 Schematic representatuin of spin dependent transport in a giant magnetoresistance 
structure for parallel and antiparallel alignments. 
2.1.1 GMR Configurations 
There are two principal geometries for GMR: current-in-plane (CIP) and current-
perpendicular-to-plane (CPP). Due to the difficulty of measuring the CPP geometry, 
most experiments in this project are done by CIP measurements. CIP is a consequence 
of current flow parallel into the films plane. In CIP geometry, the layer thicknesses 
must be smaller than the mean free path (mfp) in order for the carriers to be able to 
sample the magnetic orientation of the surrounding layers. However, the theoretical 
study by Zhang and Levy [13], proposed that a larger signal effect could be measured if 
the current were driven perpendicular to the plane of the layers (CPP configuration). In 
the CIP configuration, the conduction electrons are not scattered by all the layers and all 
the interfaces. Though, the electrons are scattered by every interface and every layer in 
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CPP configuration. Consequently, for either the case where spin dependent scattering is 
included or interface scattering is assumed to be negligible, the CPP-MR is higher 
because the current has to transfer through all the deposited layers and interfaces. By 
comparing the GMR of Co-Ag multilayers in the standard CIP geometry by Pratt et al. 
[14, 15], this predictions was confirmed. In fact, by adding the supplemental Nb 
electrodes at the top and bottom of the multilayer they were able to measure the CPP-
MR.  
2.2 Tunnelling Magnetoresistance (TMR) Effect 
The electron tunneling through a thin layer of insulator was discovered by Giaever in 
1960 [16] who was honored to recieve the Nobel-prize in 1973. Eleven years later, 
Tedrow and Meservey, observed tunneling magnetoresistance (TMR) signal between 
superconductor and ferromagnetic layers in the structures such as ferromagnetic-
insulator-superconductor (FIS) or ferromagnetic-insulator-ferromagnetic (FIF) [17, 
18]. The TMR geometry is similar to CPP-GMR with the only difference at the spacer 
layer where it is replaced with an insulating layer in TMR. If the insulator layer is thin 
enough (in order of few nano-meters), electrons from one FM layer, can tunnel 
through the insulating layer and thus can pass the adjacent FM layer. Hence, it could 
be concluded that the tunneling phenomenon depends on the polarized spins of the 
electrons in which they tunnel through the insulator barrier. This also originates from 
the difference in density of states for each spin polarity between the electrodes. There 
have been different models proposed to describe the TMR effect which would be 
explained, shortly, in following sub-sections. 
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2.2.1 Julliere’s Model 
In 1975, Julliere showed TMR of about 14% at low temperature (about 4.2 K) in a MTJ 
structure including two magnetic electrodes adjacent to the insulator tunnel barrier (the 
stack layers of Fe/ Ge-O/ Co) [19]. In Julleire’s model, tunnelling current for each spin 
direction is assumed to be proportional to the DOS of the highly-polarized itinerant d-
like electrons at the Fermi level in the electrodes on both sides of the tunnel barrier. 
This theory easily explains the proportionality of spin-polarization to bulk 
magnetization. However, the polarization values are not well predicted for all 
ferromagnet-insulator-ferromagnet tunnelling systems, yet. 
2.2.2 Slonczewski’s Model 
In free electron model, the effective tunnelling density of states can be understood by 
the Fermi level density of states. However, in modern physics, it is known that different 
states have different effective masses and velocities. Therefore, the effective tunnelling 
density for each spin should represent an appropriately weighted average [20]. 
Slonczewski model is explained based on assumption of electrons as independent 
particles. In this theory, polarized current (with spins up or spins down electrons) is 
considered, separately. This model is carried out a complete calculation of the 
propagation of a plane wave through a Ferro/tunnel barrier/ferro sandwich in which the 
model could pointed out the role played by the tunnel barrier on the polarization of the 
electrons and on the resulting TMR amplitude [21].  
2.2.3 Spin filtering  
Amorphous alumina was used as tunnel barrier in first investigated MTJ device 
structures. In 2001, MTJ stacks with crystalline tunnel barrier were predicted to show 
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much larger MTJ amplitude, due to a new filtering mechanism, [22, 23]. In this 
mechanism, when the electrons tunnel through a crystalline barrier, the tunnelling 
electrons propagate in evanescent waves which have the same symmetry as the Bloch 
states in the FM electrodes.  For MgO (001), mainly electrons with Δ1 symmetry can 
tunnel through the barrier. The electrons with Δ5 symmetry have much faster decay rate 
in the barrier and even faster decay rate for those of symmetry Δ2. Now, in the FM 
electrodes (e.g. bcc-Fe (200)), only majority electrons have the Δ1 symmetry. The 
minority sub-band of Δ1 symmetry is entirely below the Fermi level. As a result, the 
effective polarization of the electrons tunnelling through the MgO is much enhanced 
due to this spin-filtering mechanism based on symmetry of wave function. Therefore, 
the TMR of the crystalline tunnel barrier can be much larger than in amorphous 
barriers. Large TMR in crystalline barriers was achieved experimentally, although the 
TMR amplitude never reached the extremely large values predicted theoretically [22, 
23]. 
2.3 Magnetic Tunnelling Junction (MTJ) Development  
The resistance and TMR in MTJ device structures, varies exponentially by varying the 
tunnel barrier thickness. Therefore, it makes the barrier quality important, in order to 
achieve higher TMR signal. However, this made many challenges to fabricate the high 
quality pinhole-free tunnelling barriers with consistent thickness and sufficiently high 
room temperature (RT) TMR. Consequently, the TMR importance was hided until 
1995, when Moodera et al. reported TMR of about 12% in CoFe/Al2O3/Co [24, 25] and 
Miyazaki et al. [26], reported 18% in Fe/Al2O3/Fe which both the results lead the 
scientists to intense interest and research on MTJ stacks. In 2003, Kang et al. [27], 
reported TMR achievement of about 60% with improved magnetic tunnel junction 
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materials. In this study, they introduced amorphous CoFeB as the free layer electrode in 
Al2O3-based MTJ. After that, more experiments on Al2O3-based MTJ stacks with 
CoFeB as the free-layer electrode were conducted. The maximum TMR values of about 
70% were reported [28, 29]. In 2004, Parkin et al. [30] and Yuasa et al. [31] 
respectively investigated the theoretical prediction for epitaxial [001] Fe/MgO/Fe tunnel 
junctions [22, 23]. The work presented by Parkin et al., focused on the stack layers of 
TaN/ IrMn/ Co84Fe16/ Co70Fe30/ MgO/ Co84Fe16/ TaN and announced the maximum 
TMR for its time (about 220%). The progress in improving MTJ stacks were carried on 
until 2008 when Ikeda et al., reported much larger TMR (about 600%) at room 
temperature  by suppression of Ta diffusion in CoFeB/MgO/CoFeB  [32]. As the time 
of this writing and to the best of the author’s knowledge, this is the highest reported 
TMR value.  
2.4 Magnetoresistive Random Access Memory (MRAM) 
The first successful MTJ device using amorphous Al-O was implemented in TMR read 
head sensors where the magnetic recording density in HDDs was increased from 100 to 
300 Gb/in
2 
[33-35]. The density, later in 2007, was increased from 520 to 600 Gb/in
2 
by using the MgO tunnel barrier in MTJ device structures [36, 37]. In the last fifteen 
years, there has been another interest of using MTJ cells to develop a potential universal 
memory with advantages such as non-volatility, higher speed, unlimited endurance, 
higher density, lower power consumption and so on which could be seen in magnetic 
random access memory (MRAM). In the following section, we introduced conventional 
and new type of MRAM which in former, the switching is based on field-induced, 
whereas, in the latter, layers magnetization switches based on polarized current. 
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2.4.1 Field Switching MRAM: Scalable? 
Figure 2.2 shows principle of MRAM arrays using “cross point” architecture. Each 
MTJ stacks are connected to the crossing points of two perpendicular arrays of 
parallel conducting lines. On the other hand, in this system, each MTJ stacks is 
conducted to a transistor to store a particular bit.   
We magnified 1T1MTJ cell with its bit lines and word lines connected to the MTJ 
device in order to explain reading and writing phenomena, Figure 2.3. 
 
Figure 2.2 Schematic diagram of a MRAM arrays using “cross point” architecture. Each MTJ 
stacks is connected to the conductive lines and transistor. This cell array also is referred 
as 1 transistor, 1 MTJ (1T1MTJ) cell array 
(i) Reading process:  
Transistor is switched on in order to measure the electrical resistance, based on the 
voltage obtained from MTJ device cells, located between the perpendicular lines. If the 
magnetization of soft layer and hard layer are parallel, the resistance would be low due 
to spin scattering of the minority of electrons. In contrast, the resistance would be high, 
if magnetization orientation of the soft layer and hard layer are antiparallel. Low 
resistance and high resistance represent bit “0” and “1”, respectively, Figure 2.3(a). 
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(ii) Writing process: 
In this process, transistor is switched off. When the current pulse is passed through the 
lines a large induced-magnetic field is generated. The field is strongest only at the 
crossing point of the junction with the line, resulting magnetization switching of the soft 
layer, as shown in Figure 2.3(b). The first magnetic field switching MRAM was 
commercialized by freescale semiconductor, Inc. [38]. Such an MRAM design has a 
niche market as of now. However, there are many challenges that need to be solved, in 
order for the MRAM devices to replace the current memory technology in the 
electronic devices.  
In order to increase the storage density, decreasing the MTJ cell size together with word 
and bit lines is needed. However, the required current in order to generate the magnetic 
field to switch the soft layer magnetization increases as a function of decreasing MTJ 
cell size which appears to be one of the major limitation in field switching MRAM. 
In summary, main challenges in field switching MRAM are: 
1.  The complex system architecture with bypass and remote write lines, 
2. Requirement of high writing current, 




Figure 2.3 Magnetic field switching for MRAM reading and writing process. (a) Reading: the 
transistor is switched on to measure the electrical resistance, based on the voltage 
obtained from MTJ device cells, (b) Writing: the transistor is switched off. The pulse 
current passes through the lines to switch the magnetization. 
 
2.4.2 Spin Transfer Torque MRAM (STT-MRAM) 
In early 1996, Slonczewski [39] and Berger [40] predicted independently that the 
magnetization orientation in magnetic nanostructures could be affected by flowing a 
spin-polarized current.  Such a phenomenon is known as spin torque transfer effect 
(STT). 
The principle of STT is shown in Figure 2.4. The current would become spin 
polarized by transmission through or reflection from the pinned layer. The polarized 
spins would mostly remain while the current traverses through the non-magnetic 
spacer layer and enters to the magnetically soft layer where spin interactions begin. 
On the one hand, the interactions between the spin momentum of the polarized current 
and magnetic moments of the soft layer will causes a spin torque. On the other hand, 
damping which is an intrinsic property in each magnetic material, opposes the spin 
torque of the magnetic layer. However, both of these effects, spin torque and 
damping, lead to the magnetization precision of the magnetic layer around its normal 
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axis (effective magnetic field). The switching may happen, depend on the applied 
current and damping constant strength: 
1. If the damping force is very large, the magnetization of the layer would not 
switch. Therefore, it is necessary to apply a high current to the magnetic layer. 
2. If the applied current through the magnetic nano-structure device is 
sufficiently high and it is above the switching threshold, the soft layer 
magnetization would finally switch.  
Figure 2.4(a) shows the magnetization switching from the anti-parallel to parallel 
states (higher resistance to lower resistance) while the magnetization could also 
switch from parallel to anti-parallel states (low resistance to high resistance), if the 
writing current polarity changes, as shown in Figure 2.4(b). STT effect could have 
many applications in electronic devices, as there was no need for applying high range 
of magnetic field in order to switch the magnetization of the layer. This effect was 
first investigated by Tsoi et al. in 1998 [41], and further investigations were carried on 
by many other groups [42-45].  Early theoretical and experimental results about STT 
effect in CPP structures gave an impetus to the MRAM again and therefore, led 
scientists to highly search for STT potential application in MRAM devices [46-50].  
STT-MRAM is found to have many advantages over field switching MRAM: 
1. There is no need to use word lines, on the other hand, both read and write 
currents are provided by a selected transistor, Figure 2.5.  
2. There is no scalability problem in STT-MRAM as the required current to 
cause switching is reduced when the devices get smaller. However, it is 
necessary to engineer MTJ structures with lower switching current without 
scarifying the thermal stability. 
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Figure 2.4 Principle of STS of the free layer in a spin valve upon traversal of a spin polarized 
current. (a) APP transition: due to STT from majority electrons polarized by the 




Figure 2.5 Both read and write currents are provided by a selected transistor.  
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2.5 Magnetic Anisotropy 
Magnetic hysteresis (MH) loops, including its coercivity field and remanence, define 
FM materials characteristics. One of the most important properties that lead to the non-
volatility of these materials is “magnetic anisotropy”. The anisotropy energy acts as a 
barrier for changing one magnetization state to another and hence non-volatility is 
achieved. For instance, in magnetic recording media, a magnetic field from the write 
head is used to reverse the magnetization. In MTJ structures, two FM layers with 
different magnetic anisotropy strength are required to be used as reference and storage 
layer. While the magnetization direction of the reference layer is fixed, the 
magnetization direction of the storage layer is changed by spin-torque currents. A 
thorough knowledge of anisotropy is thus important for understanding of magnetic 
materials behaviours. Magnetic anisotropy is categorized as: 
1. Shape anisotropy 
2. Crystal anisotropy (Magnetocrystalline anisotropy) 
3. Bulk and Interface anisotropy 
4. Induced anisotropy (by magnetic annealing or plastic deformation or irradiation) 
5. Magnetoelastic anisotropy 
6. Exchange anisotropy 
7. Stress anisotropy  
The first three types, due to their contribution to this project, will be reviewed in the 
following section. 
2.5.1 Shape anisotropy 
Shape anisotropy, as the name implies, relates to the anisotropy arising from the shape 
of specimens. In the absence of other anisotropies, the magnetization direction is 
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determined by the demagnetizing field. If this specimen is a sphere, it could be 
magnetized in any direction, upon applying external field. However, if the specimen 
is for example an ellipsoid, it could be magnetized along the longest axes. The 
magnetization inside the specimen would lie along the direction of its south to its 
north pole which is in opposite with the direction of applied field and hence this try to 
demagnetize the ellipsoid. From the above statement it is well understood that shape 
anisotropy is mediated by the dipolar interaction and therefore it could also be called 
dipolar anisotropy.  
In thin film structures shape (dipolar) anisotropy plays an important role in which 
forces the magnetization of the magnetic layers to align in the plane orientation as the 
thickness of magnetic layers is usually in order of nano-meter compared with the 
width of the samples which is beyond in millimeters. In a thin film, the dipolar 




CosME s            Equation 2.1 
where Ms is the saturation magnetisation, assumed to be uniform throughout the layer. 
The magnetisation subtends an angle, θ, to the plane normal. The dipolar anisotropy 
energy is thus minimised for an angle of 90° ie moments lying in the plane of the layer. 
2.5.2 Magnetocrystalline anisotropy 
Another major source, that is generating anisotropy, occurs in which the spins are 
coupled to the orbits through the spin-orbit interactions. These interactions are then 
affected by the ferromagnetic specimen crystal lattice. In a simpler word, 
magnetocrystalline anisotropy is the energy that is required to deflect the magnetic 
moment in a single crystal from the easy direction to the hard direction.  The easy and 
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hard axes arise from the interaction of the spin magnetic moment with the crystal lattice 
(spin-orbit coupling). In most materials the spin–orbit interaction is negligible, and so 
the magnetocrystalline anisotropy is not very strong. In rare-earth materials, however, 
the spin–orbit coupling is sufficiently strong because the orbital momentum is not 
quenched in such systems. Once the specimen is magnetized, in order to overcome the 
anisotropy and reverse the magnetization, a large ﬁeld must be applied in the direction 
opposite to the magnetization. As a result, rare-earth materials are often used in 
applications such as permanent magnets (where a large magnetic anisotropy will be 
required), information storage media (where a medium magnetic anisotropy will be 
required), and magnetic recording heads (where a low magnetic anisotropy will be 
required). 
The anisotropy constants of a crystal may be measured by four different method: 1. 
Torque curves, 2. Torsion pendulum, 3. Magnetization curves, 4. Magnetic resonance; 
in which torque curves is the most precise way of anisotropy constant measurements. 
2.5.3 Bulk and Interface anisotropy 
Deposited thin film thickness and the interface of the layers have significant effect on 
the magnetic behavior of the specimen. If the thickness of magnetic layer is of the 
order of a few angstrom, the atoms on the surface of the magnetic layer and therefore 
interface (aka surface) anisotropy becomes more effective to align the magnetic 
moment to be out of plane. Whereas, when the thickness of magnetic layers increase, 
the bulk anisotropy dominates the interface anisotropy and therefore the 
magnetization aligns in the film-plane direction. The best example for the former is 
Co/Pd multilayers in which the Co thickness is only about 3-5 Å or thin layer of Ta 
(thickness > 20 Å) / CoFeB (~ 10-13 Å) / MgO (10 Å) while the magnetization in 
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both is out of plane, however, for thick layers of Co (thickness > 6 Å) or CoFeB 
(thickness > 15 Å), the magnetization aligns in the film-plane . Therefore, the effect 
of interface plays important role to engineer devices with PMA. 
2.6 Few Perpendicular Magnetic Anisotropy (PMA) Candidates 
2.6.1 Thin Layer of CoFeB-based PMA 
Thick CoFeB (thickness > 3nm) in MTJ device structures suggests relatively large 
MR and low switching current. This magnetic material has been so far, the most 
important candidates for in-plane MRAM applications [30-32]. In order to enhance 
the thermal stability and reduce the switching current further, using magnetic 
materials with PMA and high anisotropy is necessary. However, the traditional 
candidates (e. g. L10 FePt or Co/ Pd(Pt)-based multilayers) have not been able to 
satisfy all the requirements for MRAM applications until the recent discovery on 
CoFeB with PMA by Ikeda et al, [51]. They discovered that CoFeB would show PMA 
in MTJ structure of Ta/ CoFeB/ MgO/ CoFeB/ Ta with high MR signal (~ 120%), 
high thermal stability (~ 40KBT), small device size (~ 40 nm) and low switching 
current (~ 49 μA). Soon after this discovery, many research groups focused on 
understanding the physics behind this discovery. PMA in thin layer of CoFeB could 
simply be explained to be due to the interface/surface anisotropy. Further studies by 
the other research groups show that thin layer of CoFeB could exhibit PMA only if it 
is sandwiched between MgO tunnel barrier and amorphous seedlayer (such as Ta). 
This is because of the fact that usually PMA in ultrathin ferromagnetic layers (e. g. 
bilayers of Co-based / Pd(Pt)) appears due to the symmetry breaking at the interface 
with either a 4d or 5d transition metal (for bilayers it is Pd or Pt). However, CoFeB/ 
 25 
MgO-based structures are free from any Pt or Pd. Therefore, the interface effect is 
considered as a result of MgO interface only. The reason for the PMA in this case, 
could be due to possible Fe-O hybridization in CoFeB/ MgO-based MTJ stack, 
however, there is neither a fundamental theory nor direct experimental results 
supporting the mechanism of PMA in these structures at this time [51]. In addition, B 
diffusion upon post annealing, in MgO layer, might affect on interface quality as well 
as magnetic layer properties [52]. All the above mentioned issues become very 
important when the thickness of the magnetic layer becomes as thin as 1.3 nm and 
may result in a necessary need for interface quality re-examination. To support a good 
review, a preliminary summary of the researches on CoFeB with PMA in two 
separated structures would be given below. 
In the top structure of Ta 5nm/ MgO 1nm/ CoFeB (x)/ Ta 5nm, CoFeB showed PMA 
with 1.4 nm<x<1.6 nm and post annealing temperature between 250 °C to 350 °C [53, 
54] However, PMA could be achieved in the bottom structure of Ta 5nm/ CoFeB (x)/ 
MgO 1nm/ Ta 5nm in which “x” could be varied between 0.6 nm to 1.2 nm and post 
annealing temperature of 250 °C to 350 °C [53]. The reason for different CoFeB 
thicknesses in top and bottom structures has been pointed out by Ikeda et al., to be due 
to magnetic dead layer which is 0.5 nm and 0 nm for the top and bottom structures, 
respectively. This large difference in magnetic dead layer between the top and bottom 
structures could be due to deterioration at the CoFeB/ Ta side. Cheng et al., [55], 
showed that reducing the Ta cap layer thickness could effectively reduce the CoFeB 
magnetic dead layer in top structure which could be resulted due to the reduction of 
Ta diffusion [56].  
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Since, this topic is still new, there are some challenges which need to be solved. As an 
instance: in order to increase MRAM density and to reduce the device diameter further, 
it is necessary to obtain PMA with thicker layers of CoFeB, hence to increase the 
thermal stability. With thicker CoFeB (if PMA is not sacrificed), thermal stability can 
be achieved even in smaller device diameter, enabling higher density (or capacity) 
memory.  Therefore, it is essential to increase the thickness of CoFeB, without 
sacrificing the perpendicular magnetic anisotropy. As a part of this project, we paid 
special effort to overcome this problem, thus producing a novel stack which recently 
was published as patent. This stack structure that could help achieving thicker CoFeB 
layers with a perpendicular magnetic anisotropy as a way to achieve optimized values 
of switching current and switching speed.  
2.6.2 Co/Pd (Pt)-based Multilayers and L10-FePt (CoPt) 
Magnetic materials with high anisotropy energy at the soft layer could avoid thermal 
instability. Therefore, there have been numerous studies in order to use perpendicular 
MRAM devices. On one hand, alloy form of FePt and CoPt, in their chemically ordered 









, respectively) [59-61]. The magnetocrystaline anisotropy of these 
materials are aligned along [001] direction, showing small lattice mismatching with 
MgO (001) planes (less than 10%). As a result, FePt or CoPt in their ordered phase are 
considered good candidates in order to achive high TMR in MTJ device structres.  The 
large TMR ratio above 380% in full epitaxial MTJ device structure with the stack layer 
of FePt(001)/MgO(001)/FePt(001) is expected from the first principles calculation [62]. 
Therefore, the L10-FePt is a promising electrode material and has the potential to extend 
scalability for STT-RAMs. However, the major challenges using these candidates in 
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real MRAM devices are considered as: large damping factor and high annealing 
temperature in order to achieve a chemically ordered high-anisotropy phase.All the 
above difficulties make alloys of FePt or CoPt to be known as candidates for future 
MRAM applications.  
On the other hand, the bilayers of Co/Pd or Co/Pt are known to present strong 
perpendicular anisotropy without the requirement of a high temperaturein their 
fabrication [63]. The Co/Pd or Co/Pt multilayer systems were first discovered by Carcia 
[64, 65]. The PMA in these systems are achieved when the Co and Pd (Pt) thicknesses 
are ultra thin.  A second-order anisotropy arises in these systems when there is a strong 
fcc (111) texture. In 2008, Park et al. [66] reported an experimental demonstration of 
MTJ device composed of Co/Pt-based multilayer electrode with PMA. The TMR 
ratios as high as 15% have been achieved at room temperature (in the range of 
submicron- size tunnel junctions). Although, these materials are interesting to be 
studied, there are some challenges using these materials. As an example, lower TMR 
would be achieved due to the lattice mismatch of interface between Co/Pd (Pt) with 
fcc (111) texture and MgO tunnel barrier with (001) planes. In the following chapters, 
we will explain the limitations/challenges and propose new structural designs in order 
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C H A P T E R  3  
3. EXPERIMENTAL DETAILS – THIN FILM 
CHARACTERISATION AND DEVICE PREPARATION 
In the following chapter, the key equipment and processes used in optimization, 
preparation and characterisation of the samples investigated in this thesis are described 
in detail. The first step towards fabricating the pseudo-spin valve (PSV) and magnetic 
tunnel junction (MTJ) devices is thin film deposition. Therefore, direct current (DC) 
magnetron sputtering for thin film deposition and also optimization of RF sputtering for 
MgO tunnel barrier deposition are described, briefly. Varieties of techniques are used in 
this thesis to investigate different characteristics of the thin films. Following techniques 
have been used for thin film characterization: 
 X-ray diffraction (XRD), mainly to investigate the texture and crystallography 
of the deposited layers/ thin films. 
 Atomic force microscopy (AFM). 
 Magnetic force microscopy (MFM). 
 Alternating gradient force magnetometer (AGFM), vibrating sample 
magnetometer (VSM) and magneto-optical Kerr effect (MOKE) were used to 
investigate the thin film magnetic properties, in details, in both perpendicular 
and in-plane applied field orientation. 
To fabricate devices with micro or nano sizes following techniques were used: 
 Electron beam lithography (EBL), for nano pillar fabrication. 
 Ion milling, 
 Optical lithography using mask aligner (MA), 
  Electron beam vacuum evaporation (E-Beam), 
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 4 point probe station to measure TMR which will not be described here. 
3.1 Film Preparation and Deposition Techniques 
Due to the extremely thin nature of the layers used in our devices, the roughness and 
cleanliness of the substrate, as well as the contamination level (cleanliness) of the 
deposition system, is extremely important for the quality of the deposited magnetic 
films in terms of GMR and magnetic anisotropy. Well-cleaned substrates also provide 
better film adhesion, lower surface roughness (hence better interface quality) and a 
higher device yield for nanofabrication processes. This section describes the key 
deposition and fabrication processes used to prepare the samples and devices, with 
particular attention paid to the custom-built sputter system designed specifically for the 
research work in this thesis. 
All samples described in this thesis were deposited on 500 µm thick Si (100) substrates 
or MgO single crystal substrate. To minimize the surface roughness of the substrate, Si 
(100) substrate has 1 µm thick thermal SiO2 and MgO single crystal substrate is kept in 
vacuum all the time as MgO is classified as hydrophilic surface. HF-based etching was 
not recommended for this thesis as it has been previously founded chemical etching of 
the surface will increase the surface roughness of the substrates via non-uniform etching 
and pitting in the oxide layer [1]. Therefore, right before loading the samples into the 
deposition chamber, a simple wafer cleaning procedure at clean room class 10 was 
implemented as follows: 
a) Acetone:  5 min in ultrasonic bath  
b) Iso-propanol: 5 min in ultrasonic bath 
c) DI water:  5 min in ultrasonic bath 
d) Iso-propanol: 5 min in ultrasonic bath 
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e) Nitrogen blow dry 
The cleaned samples were checked under the microscope in clean room class 10 and no 
clear particle was observed even with the magnification of 150 times. 
3.1.1 Deposition Technique: Magnetron Sputtering 
Magnetron sputtering system is a well-established technology in the mass-fabrication of 
several Spintronics/thin film products, such as read-heads of hard disk drives. It 
produces films with desired qualities. Therefore, magnetron sputtering was used for 
making the samples of the present study. Sputtering is a vacuum process performed by 
applying a high voltage across a low-pressure Ar gas to create plasma, as shown in 
Figure3.1. The cathodes in magnetron sputtering use powerful magnets to confine the 
plasma to the region closest to the target. This leads to the condensed ion-space ratio, 
increased collision rate, and thus improved deposition rate.  Energized plasma ions 
strike the target causing the ejection of the atoms from target surface. Those atoms 
with enough energy, can then travel to and bond with the substrate [2]. 
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Figure 3.1 Magnetron sputtering. The powerful magnets, connected to the cathodes, confine the 
plasma to the regions closest to the target. 
 
 Load-lock: is used to minimize the gap time to break the high vacuum and 
hence to secure the main chamber vacuum. The base pressure in the load-lock 
goes below 6.0×10
-7
 Torr, in about 30min after closing its lid.   
 Main sputtering chamber: is used to deposit thin films. Base pressure lower 
than 5.0×10
-9
 Torr (about 3.75×10
-9
 Torr) leads to deposition with minimal 
interfacial oxidation and H2O contamination, both exhibit high quality interfaces. 
A deposition chamber with a very low base pressure is necessary in engineering 
a magnetoressitive stack with improve TMR.  
The Main chamber used during this thesis, contains eight targets at its bottom 
part (each target is 2 inches in diameter); Moreover, there is a substrate holder at 
top part of the chamber, both are shown in Figure 3.2. The Ar operating gas 
during sputtering could be varied by setting the gas flow rate which is leading to 
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the controllable pressure, between 0.5 to 10 mTorr, for the fabrication process. 
The substrate holder includes a heating stage, made of five lamps (magnified 
image of figure 3.2). The heating stage is designed to be used, mainly for 
controlling crystalline orientation; however, the maximum substrate temperature 
that could be set in this system was  350 C. The low substrate temperature 
caused limitations in achieving L10 FePt, which was a part of this research work. 
To solve this challenge, electric wiring and the related parts to the stage were 
changed and therefore substrate temperatures as high as 600 C could be 
achieved (Figure 3.3). 
 
 
Figure 3.2 Main sputtering chapter of CHIRON deposition system (BESTEC GmbH, Germany) 
for UHV sputtering including 8 targets below the chamber and one sample heater on 
top (magnified on the right side of the figure). 
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Figure 3.3  Changing electrical connections to the heating stage of the magnetron sputtering-main 
chamber to increase the substrate temperature up to 600 °C. 
Oxidation chamber: is an RF sputtering chamber with an installed 3 inch MgO 
target  and Kaufmann ion source (for substrate cleaning before stack layer 
deposition), Figure 3.4. In this work, the oxidation chamber was used for MgO 
tunnel barrier deposition in MTJ stack. MgO has an octahedral lattice with the 
lattice parameter about 0.418nm, Figure 3.5. MgO crystalinity, lattice quality and 
uniformity along the wafer are known as important factors in MTJ stacks. 
Therefore, one of the main challenges in this thesis was obtaining high quality MgO 






Figure 3.4 Oxidation chamber of CHIRON deposition system (BESTEC GmbH, Germany). The 
chamber includes 3 inch MgO target (bottom right) and Kaufmann ion source (bottom 
left). Sample holder stage and substrate heater are located on top. 
 
A base pressure lower than 5×10
-9
 Torr (about 3.75×10
-9
 Torr) is achieved in this 
chamber, which is needed to improve the quality of MgO at the interface and to 
minimize H2O contamination on MgO surface (since MgO has a hydrophilic 
surface).   
Besides good deposition condition, an accurate MgO optimization procedure is 
required in order to achieve well-ordered bcc (200)-MgO interface. Therefore, the 
stack of SiO2 (Sub)/ Ta (5 nm-60 W-1.5 mTorr)/ MgO (10 nm, Power, Pressure) 
was deposited using magnetron sputtering. Ti pasting using Ti sublimation pump is 
done before each step of deposition, in order to clean the oxidation chamber. No 
MgO peak was observed when the substrate distance was beyond 27 mm. therefore, 
substrate distance was kept at 27 mm and MgO film was deposited at different  
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Figure 3.5 Schematic of MgO unit cel. MgO has Octahedral lattice with a lattice parameter of 
about 0.418 nm. 
 
power and pressure.  Deposited films were characterized using XRD (will be 
explained in section 3.2.2) and AFM (will be explained in section 3.2.3) in order to 
investigate deposited MgO crystallinity and also its surface roughness.  Figure 3.6 
summarize the XRD analysis for some of the deposited films. MgO with larger peak 
intensity and smaller full width at half maximum (FWHM) of the rocking curve 
(Δθ50) at the bcc (200) peak and also smoother interface surface was achieved for 
deposition pressure of 0.35 mTorr and deposition power of 180 W which are kept as 
MgO deposition conditions for this work. 
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Figure 3.6 XRD patterns for thin films Ta (5 nm-60 W-1.5 mTorr)/ MgO (10 nm, Power, Pressure) 
deposited on SiO2 substrate with substrate distance of 27mm. 
 
3.1.2 Deposition Technique: Electron-Beam Evaporation (E-Beam Evaporation) 
The electron beam evaporation process is known as a physical vapour deposition 
(PVD). The E-beam chamber base pressure is about 10
-6
 Torr and it could be decreased 
lower than 10
-7
 Torr only with enough waiting time without breaking the vacuum 
(about two days).  
In this system, the electron beam is generated by an electron gun which is known as 
“cathode”, Figure 3.7.  Due to high potential difference, emitted electrons are 
accelerated toward the target of the materials (crucible) which is also known as 
“anode”. The material in crucible is heated by focusing beam of high energy electrons 
to boiling point, in order to start evaporation. The evaporated materials travel towards 
the substrate and then get condensed. . A quartz crystal oscillator, which is coated along 
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with the mirror, is used inside the chamber in order to monitor deposition rate and 
thickness for each material in the coating design. The crystal oscillation rate changes 
when material is deposited on the crystal. The changes in oscillation rate could be used 
to calculate the material deposition rate and accumulated thickness [2].  
Like every other system, e-beam evaporation has few advantages and also 
disadvantages. The main advantage in e-beam evaporator system is variable deposition 
rate (roughly about 1 nm to several micrometer per minute). However, such a fast 
deposition rate could also result in peeling of the deposited layers. However, the main 
drawback using this system is non-uniformity and a larger roughness of the deposited 
films  due to poor vacuum in the chamber.  
This deposition system was used for SiO2 deposition, for MTJ device insulation, in 
order to benefit the fast deposition rate and also easier SiO2 lift off compared with the 





Figure 3.7 Electron-beam evaporator system is used for fast depositions. The target usually is in a 
form of powder which is located in crucible and the sample is rotating on top of the 
chamber.  
3.2 Thin Film Characterization 
Characterizing un-patterned samples, before device fabrication and right after thin films 
deposition, is very important in order to improve the stack before device fabrication. 
Thin film characterization techniques would be shortly described in the following 
sections. 
3.2.1 Films Characterization: Electrical/Magnetic Techniques 
The film characterization techniques described in this thesis can be classified into two 
types: (a) electrical measurement, e. g. resistivity measurement and linear four point 
probe measurement; and (b) magnetic measurements, e. g. AGFM measurement, VSM 
and MOKE. 
(i) Electrical Technique: Resistivity Measurement 
Conductivity of the deposited films in PSV and MTJ (except for tunnel barrier) stack 
play important role in order to achieve larger magnetoresistance (MR) signal. Four 
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point probe technique was used to measure the sheet resistance of the deposited films, 
as shown in Figure3.8. In this system, a constant current is applied to two probes which 
are in contact with the sample surface and the potential is measured on the other two 
probes with a high impedance voltmeter [3]. By assuming the resistance as R:  
A
l
R                                                                                           Equation 3.1 
 
Where  is the resistivity of the sample, l and A are the length and cross sectional area 
of the sample, respectively, where A is width (w) of the sample multiply by t. Sheet 




                                                                                          Equation 3 2 
 
Figure 3.8 Principle of four point probe technique, by measuring the resistance of the sample. 
(ii) Electrical Technique: Linear Four-Point Probe CIP Measurements 
A linear four point probe technique with a typical sample dimension of 12mm*12mm 
and minimum pin spacing of about 2.5mm was used in order to measure the current in-
plane (CIP) magnetoresistance of the un-patterned PSV films (Figure 3.9). The 
resistance in this system could be measured as a function of magnetic field.  
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Figure 3.9  Custom-designed four-point probe holder for CIP-GMR measurements. 
(iii) Magnetic Technique: Vibrating Sample Magnetometer (VSM) 
Many different devices have been designed to investigate the magnetic characteristics 
of the samples by measuring the magnetic hysteresis (MH) curves. Vibrating samples 
magnetometer and superconducting quantum interference device (SQUID) are used as 
the most sensitive techniques, for low field measurements as compared with 
alternating gradient force magnetometer (AGFM) or magnetic optical kerr effect 
(MOKE). In this project, VSM is used for low field measurements. Therefore, the 
principle of VSM will be briefly explained in this section.  
VSM was first invented by Simon Foner at Lincoln laboratory, MIT [4]. The working 








      Equation 3.3 
In VSM, schematically as shown in Figure 3.10, a sample (with the size of maximum 
8mm*8mm) is mounted between the pickup coils with a uniform magnetic field. The 
magnetic flux (Φ) changes by vibrating the sample, usually sinusoidally, in an 
externally high applied field. The change in magnetic flux causes an induction voltage 
proportional to the magnetic moment of the samples. The induced voltage is typically 
measured through the use of a lock-in amplifier. 
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Figure 3.10 Principle of vibrating sample magnetometer (VSM); The sample mounted on the holder 
and is vibrating between the pickup coils and along the “z” axis. 
(iv) Magnetic Technique: Alternating Gradient Force Magnetometer (AGFM) 
The alternating (field) gradient force magnetometer (AGFM) is similar to Faraday 
balance for measuring the susceptibility by measuring the force experienced by a 
sample in a magnetic field gradient [5]. The principle of the instrument is sketched in 
Figure 3.11. The force in this system is measured by mounting the sample (with the 
maximum size of 4mm*4mm) on piezoelectric reed sample holder which creates a 
voltage proportional to the elastic deformation, which is proportional to the magnitude 
of the magnetic moment of the sample. This measurement technique can approach a 
high sensitivity by driving an alternating current through gradient coils and by tuning 
the frequency of the field gradient to mechanical resonance of the sample mounted on 
the piezoelectric element. The main advantages of AGFM is its relative immunity to 
external magnetic noise and, hence, high signal-to-noise ratio with a short measuring 
time, making it suitable to be used for most of the samples studied in this project.  
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Figure 3.11 Principle of alternating gradient magnetometer (AGFM/AGM). The sample and 
gradient coils are mounted between the pole pieces of an electromagnet. 
In this work, besides MH measurements for the samples with both in-plane and 
perpendicular anisotropy, AGFM was used in order to provide more information about 
interactions of the layers in some samples, e. g. in section 4.4, by using the principle of 
first order reversal curves (FORC) technique [6], as shown in Figure 3.12.  
Measurement of a FORC begins by saturating a sample in a positive applied field. The 
field is decreased to a reversal field (Hr) and the FORC is defined as the magnetization 
curve that results when the applied field (Ha) is increased from reversal field, Hr, back 
to the saturation. The magnetization at Ha on the FORC with reversal point Hr is 
denoted by M(Hr,Ha), where Ha>Hr. FORC diagram is defined as a contour plot of a 
FORC distribution with Hu and Hc on the vertical and horizontal axes, respectively, 
where Hu= (Hr+Ha)/2 and Hc=(Ha−Hr) /2. The plotted contour gives information about 
exchange or magnetostatic interactions which depend on the contour peak location. If 
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the peak shifts along the positive Hu axis in a set of samples, it represents an increasing 
magnetostatic interaction and if it goes along the negative Hu axis, it represents an 
increasing exchange interaction. Some results would be discussed in section 4. 4. 
 
Figure 3.12 FORCs distribution (110 signle hystron) of un-patterned perpendicular pseudo sapin 
valve films (with Co/Pd multilayers) for pseudo-spin valve stacks. 
(v) Magnetic Technique: Magneto-Optical Kerr Effect (MOKE) 
Magneto-optical kerr effect (MOKE) system was also used for MH measurements, in 
order to investigate the magnetic properties of samples with perpendicular anisotropy. 
MOKE measurements can be made in three different optical and magnetic geometries 
[7]. The basic phenomenon of MOKE is explained briefly in this sub section. 
When linearly polarized light is reflected from a magnetic surface, the incident light is 
transformed into elliptically polarized light. Thus, the final state of polarization can be 
characterized by both a rotation of the major axis K  and an ellipticity K defined as 
the ratio between the minor and major axes. Both K and K are proportional to the 
magnetization of the material. This effect is known as the MOKE. 
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The interaction of the electromagnetic field with the magnetic material can also be 
described phenomenologically by the Lorentz force, which gives rise to a change in 
polarization.  

 EmQiED            Equation 3.4 
The origin of the magneto-optical effect can be represented by the magnetization 
vector 

m  and the electric field vector 

E of light. If the linearly polarized light with 
electric field amplitude E is incident, the electric field induces the oscillation of 
electrons in its direction. Therefore, without the magneto-optic effect, the reflected 
light 

rE  is also linearly polarized parallel to the incident electric field vector 

iE . If it 
is supposed that the material is magnetized, then the oscillating electrons will feel the 
additional Lorentz force VLor, which induces a small motion perpendicular to 

m . 
Thus, the reflected light contains a small perpendicular component in the electric field 
vector 

kE  compared with the incident field vector Ei. This component contributes to 
the magneto-optic Kerr amplitude. 
3.2.2 Films Characterization: Structural Techniques 
In order to determine the structural and crystalline properties of the deposited films, X-
ray diffraction (XRD) is used in this work. XRD principle is based on Bragg’s 
diffraction law: 
 Sindn hkl2                                                                                          Equation 3.5 
where n is an integer representing the order of diffraction, λ is wavelength of the 
incident CuK source (here is 0.15405 nm), hkld  is the inter-planar spacing of the 
diffraction planes and θ is the angle between the diffraction planes and X-ray source. 
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This results in formation of the atomic level spacing within the crystalline lattice of the 
sample;  Therefore, crystallographic texture and different crystal phases in sputtered 
films, could be achieved using mentioned method. 
 
3.2.3 Films Characterization: Imaging Techniques 
Atomic Force Microscopy (AFM) is mainly used to measure the step height and three-
dimensional profile of a patterned film or the surface roughness of a patterned or un-
patterned sputter films. AFM is one of the modifications of scanning tunnelling 
microscopy. (STM)  Gerd Binning and Heinrich Rohrer, invented this in early 1980s at 
IBM research-Zurich, and were honoured with Physics Nobel prize in 1986. Figure 3.13 
shows schematic principle of tapping mode AFM setup. The AFM consists of a 
cantilever with a sharp tip at its end, as shown in figure 3.13. 
 
The detection principle of AFM is based on Hooke’s law: 
KxF                                                                                                      Equation 3.6 
where “x” is the displacement of the spring’s end from its equilibrium position,  F is the 
restoring force exerted by the spring on that end and K is called spring constant. In 
AFM, a sharp tip is mounted at the end of the cantilever oscillating above the sample 
surface (at distances on the order of a few nm) at a resonance frequency. When the tip 
becomes close to sample’s surface, interatomic forces between the tip and the sample 
which is less than less than 10
-9
N, lead to a deflection of the cantilever. The deflections 
are detected by a laser beam reflected from the cantilever onto an array of photo diode 
detectors. As the tip scans the surface of the sample, moving up and down with the 
contour of the structure, the laser beam is deflected off the attached cantilever into a 
quad-photodetector. The photodetector measures the difference in light intensities 
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between the upper and lower photodetector, and then converts to voltage. Feedback 
from the photodiode difference signal, through software control from the computer, 
enables the piezoelectric scanner to move the sample for further control.By restoring the 
tip back and forth over the surface, an image of the surface topography can be 
constructed. In this project, Dimension 3100 AFM system from Veeco was used for 
step height measurements and surface characterization. Scanning was performed with 




Figure 3.13 Schematic diagram of an AFM. An oscillating tip and cantilever provide information 
about the surface topography of a sample. 
3.3 Nanoscale Device Fabrication 
MTJ or PSV stack structure must be patterned into micro-nano scale device pillars, in 
order to have a reasonable discussion on MR signal and deep understanding of STT for 
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MRAM applications. In this thesis, micro and nano-size devices were fabricated and 
results were performed inUS Patent 20,130,059,168. 
To fabricate devices with different sizes, varied between 500 um down to 80 nm, the 
following fabrication processes and tools were used: 
 Electron beam lithography (EBL): to generate patterned nano-structures or 
small nano-pillars on the order of 10 nm in dimension.  
 Ion milling: to etch through the layers, after each lithography process, by 
ejecting the atoms from sample after impinging high energy ions impinging to 
the sample surface.  
 E-beam evaporator: to deposit thick SiO2 insulator layer (its principle working 
was explained in section 3.1.2) 
 Optical lithography: to pattern big size devices or electrodes with the minimum 
size of 1 um. In contrast to EBL, photo-lithography is widely used tool in 
semiconductor manufacturing, mainly due to its higher throughput compared 
with EBL process [8]. 
. 
In a part of this thesis, the stack layer was deposited on a 4 inch SiO2 substrate, using 
magnetron sputtering following by the patterning process which was carried out on the 
whole wafer. The schematic of the processed wafer is shown in Figure 3.14. The 
deposited wafer includes 312 coupon samples with the size of 8 mm*8 mm including 
six devices inside each coupon, magnified Figure 3.14, on the right.  
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Figure 3.14 Process 4 inch wafer is including 312 coupon samples with 6 devices inside (magnified 
figure on right, using CATIA modelling for part design assembly). 
The complete schematic of nano/micro scale MTJ device fabrication process done in 
this work (mainly for device fabrication of  US Patent 20,130,059,168) is shown in 
Figure 3.15. The details of the fabrication process are summarised below: 
1) Thin film deposition was carried out using magnetron sputtering including 
pre-cleaning using ion source, Figure 3.15 (a). 
a) To decrease the roughness of the bottom electrode, bilayers of Ta/ Cu 
were used. 
b) The samples were capped by 10nm of Ta layer to protect them from 
oxidation. 
2) The Electron Beam Lithography (EBL) using Elionix ELS-7000 EBL system 
a) Spin coat and bake negative e-beam resist (ma-N2403 due to high 
resolution and ease of removal after patterning is used in this project) 
 Figure 3.15 (a). 
b) EBL exposure and development (using MF319)  Figure 3.15 (b) 
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c) Ion mill 150s @ 10from film normal (60 nm) and 150s @ 15for 
over etching  Figure 3.15 (c).   
d) E-beam evaporation of 60 nm SiO2  Figure 3.15 (d). 
e) Lift-off using PG remover and acetone  Figure 3.15 (e). 
3) Bottom electrode fabrication using optical lithography (mask aligner, MA8). 
a) Spin coat and bake the photoresist (S1811)  Figure 3.15 (f). 
b) Optical exposure and development of bottom electrode. 
c) Ion mill 350s @ 30from film normal, followed by resist lift off  
Figure 3.15 (g). 
4) Exposure the electrode pads using optical lithography (mask aligner, MA8). 
a) Spin coat and bake the photoresist (S1811)  Figure 3.15 (f). 
b) Optical exposure for opening the pads and development. 
c) Ion mill 110s @ 30from film normal to remove 60nm of SiO2 
followed by resist lift off  Figure 3.15 (h). 
5) Exposure to do more insulation using optical lithography (mask aligner, 
MA8). 
a) Spin coat and bake the photoresist (S1811)  Figure 3.15 (f). 
b) Optical exposure for covering the electrodes using insulator layers 
and development. 
c) E-beam evaporation of 80 nm SiO2 Figure 3.15 (d). 
d) Resist lift off using PG remover and Acetone  Figure 3.15 (i). 
6) Exposure to do more insulation using optical lithography (mask aligner, 
MA8). 
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a) Spin coat and bake the photoresist (S1811)  Figure 3.15 (f). 
b) Optical exposure for top electrode patterning using insulator layers 
and development. 
c) Ion mill 10s @ 225to remove the rest of the  Figure 3.15 (j), 
followed by electrode deposition using sputtering and finally 




Figure 3.15 Figure Schematic of nanoscale MTJ device fabrication process steps. 
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C H A P T E R  4  
4. MAGNETIC MATERIALS FOR EMERGING MRAM 
APPLICATIONS 
Currently, Magnetic random access memory (MRAM) manufacturers are fabricating 
memory cells using magnetic tunnel junction (MTJ) devices based on magnetic 
materials with in-plane anisotropy and field-assisted switching. However, in-plane 
anisotropy materials are facing many challenges for MRAM applications, e.g. switching 
speed limitations, scalability and density limitations due to low anisotropy constant (Ku) 
and large switching current (Ic0). In contrast with in-plane magnetic anisotropy 
materials, perpendicular magnetic anisotropy (PMA) materials are highly potential to 
have lower switching current and improved scalability due to their higher Ku [1, 2]. The 
higher anisotropy in PMA materials could overcome the shape anisotropy 
(demagnetization field) of the thin films geometry [3]; and consequently, the device size 
could be scaled down without compromising thermal stability. As a result, many 
research labs focused to study the effects of different PMA materials in MTJ stacks as 
these materials are promising to be used in emerging MRAM devices [4-7].  
Up to this thesis, the most well-known PMA candidates were Co/ Pd(Pt)-based 
multilayers, e.g. Co/ Pd [7], CoFe/ Pd [8], Co/ Pt [9-12], CoFe/ Pt [13], and alloy form 
of FePt [14] and CoPt [15] in their chemically ordered, face-centred-tetragonal (fct), 
phase. As compared with alloy materials, Co/ Pd (Pt)-based multilayers have been 
extensively studied due to their wide applications and relative ease in achieving PMA. 
The main challenges using these materials were noted to be as below: 
1. Large magnetic field switching at the device level (causes limitations in 
magnetic field switching MRAM). 
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2. Large current switching (causes limitations in STT-MRAM). 
3. Lower TMR compared to materials with in-plane anisotropy. 
4. Repeat of bilayers (industrial fabrication/process limitations). 
Therefore, both academic and industrial partners, faced problems in order to move on 
into real MRAM fabrications. However, the discovery of PMA in thin layer of CoFeB 
in 2010 by Ikeda et al. [16], opened new horizons to the perpendicular STT-MRAM. 
CoFeB with PMA is currently known as the potential candidate to be applied in 
emerging MRAM applications. In this chapter, the focus of our study is on both Co/ Pd-
based multilayers and thin layer of CoFeB with PMA in which we name them 
“emerging MRAM applicants”. The proposed materials could be used in proper 
perpendicular MTJ device structures in order to achieve high tunnelling 
magneotresistance (TMR) signal, low switching current and fast switching speed. 
However, to approach these goals, many challenges toward materials design structure 
and the growth appears. Therefore, in this chapter we try to design a systematic study to 
approaching PMA and also understand different limitations in un-patterned and 
patterned films and propose the possible solutions for future MRAM applications. 
4.1 Problems Statement  
4.1.1 Co/ Pd-Based Bilayers for Emerging MRAM Applications 
 The role of crystallographic texture in obtaining good PMA and sharp switching 
in the magnetoresistance curves of pseudo-spin-valve (PSV) device structures with 
PMA was not well studied until the beginning of this thesis work. Therefore, we started 
investigating the possibility of different structures to promote a good face-centred-cubic 
(fcc) with (111) texture and its effect on the magnetic and magnetoresistive properties 
of Co/ Pd-based multilayers. Section 4.2 explains the role of Pd and CoPd with fcc 
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(111) texture on magnetic properties and giant magnetoresistance (GMR), arising from 
the seedlayers. 
 Theoretically, large TMR in perpendicular devices using thin CoFeB magnetic 
layer before and after MgO tunnel barrier could be achieved, upon post annealing up to 
350 ºC. However, experimental results show that the TMR signal drops after such 
process. In this chapter, we studied different reasons for the mentioned problem. A 
possible reason could be due to interlayer diffusion after annealing. This may happen as 
the annealing usually is done in high vacuum system where the ramping up rate is as 
slow as 10 ºC/min. Due to the long-time process for ramping up and down during 
annealing, diffusion may change the magnetic properties of the soft and hard layers and 
may affect the resistance signal [17, 18]. The investigations on the annealing effect, 
different annealing methods, e. g. in “high vacuum annealing” system or annealing in a 
“short time”, are reported in section 4.3.  
 Although it is known that magnetic properties and magnetoresistance (MR) 
signal in the PSV and more importantly in MTJ stacks are strongly affected by the 
property of the spin polarizer layer (SPL) [19-22], a few systematic studies have been 
carried out on different SPLs in PSV structures. In section 4.4, studies on Co100-xFexZy 
SPLs with different compositions, resulting in different saturation magnetization (Ms) 
adjacent to the spacer layer would be discussed. A correlation between the SPL 
composition and GMR signal, PMA and switching fields in PSV systems with PMA 
will be presented. Co80-xFexB20 SPL effect in MTJ structures with un-patterned films 
also would be explained in section 4.4.1.  
 The reason for the reduced TMR in MTJs with a PMA has not been understood 
well. Diffusion of materials such as Ta [23], Pd or Co [6] atoms into MgO is commonly 
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considered as the cause of reduced TMR. However, we hypothesize that the CoFeB 
layer grown on fcc-textured films might not be amorphous and hence might affect the 
growth of MgO and eventually affect the TMR. Therefore, the interest of section 4.5 is 
to find out whether crystallinity of supposedly amorphous CoFeB could be a cause of 
the reduced MTJ in PMA structures. 
4.1.2 CoFeB with PMA for Emerging MRAM Applications 
 To increase MRAM density and to reduce the device diameter further, it is 
necessary to obtain PMA with thicker layers of CoFeB. Moreover, higher thermal 
stability, in the mentioned system, can be achieved in smaller device diameter, with 
thicker CoFeB (without scarifying PMA) that this could lead to memory devices with 
higher density (or capacity). Therefore, the objective of the study described in this 
chapter is to increase the thickness of CoFeB, while keeping its magnetic anisotropy to 
remain out of plane. The results are intellectual property of data storage institute (DSI), 
Singapore and therefore, the details for the structure would not be disclosed in this 
thesis. However, the process and results would be explained briefly in section 4.6. 
4.2 Texture Effect on Magnetic and Magnetoresistive Properties of PSV 
Structures with Co/ Pd-Based Bilayers  
In order for a PSV or MTJ stacks to be used in memory applications, it is necessary that 
the two layers have different switching fields (current) well isolated from each other. In 
the case of an array, it is also essential that the switching field (current) have a narrower 
distribution and that the distributions do not overlap. In order to meet this condition in 
Co/ Pd-based multilayers with PMA, two conditions must be met; (i) both the reference 
and free layers have PMA and (ii) the anisotropy field of the two layers are different. In 
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order to meet the first criterion, it is essential to obtain a good fcc (111) texture so as to 
obtain good PMA and sharp switching in the magnetoresistance curves. The fcc (111) 
texture in Pd and the layers above could be tailored using seedlayers [24]. Therefore, 
different materials (e.g. Cr, Cr90Ru10 and Ta) with their different crystallographic 
properties were chosen in order to investigate the texture effect on PMA of PSV 
structures. 
Perpendicular-PSV with the structure of Substrate/ (seedlayer X)/ Pd 50 Å/ [Co 6 Å/ Pd 
8 Å]2/ Cu 20 Å/ [Pd 8 Å/ Co 3 Å]10/ Pd 30 Å/ Ta 50 Å were deposited on thermally 
oxidized Si wafers using DC-magnetron sputtering (section 3.1.1). The soft layer is of 
the type of [Co/ Pd]2 with Co thickness of 6 Å and Pd thickness of 8 Å. While the hard 
layer is of the type of [Pd/ Co]10 with Pd thickness of 8 Å and Co thickness of 3 Å and 
10 numbers of bilayers in order to provide sufficient signal for x-ray diffraction (XRD) 
studies. Different seedlayers of Ta, Cr and with thicknesses of 0, 3, 6, and 10 to 50 in 
step of 10 Å were studied. An Ar working pressure of 1.5 mTorr was used during 




Figure 4.1(a-c) show the magnetic hysteresis (MH) loops of PSV for different 
thicknesses of Ta, Cr and CrRu seedlayers, respectively. Figure 4.1(a) indicates that Ta 
seedlayer improves the PMA of the Co/ Pd multilayers as sharper switching 
characteristics in both soft layers and hardlayers and also larger coercivity were 
observed for the layers deposited on thicker Ta seedlayers. These results are in a good  
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Figure 4.1 Magnetic hysteresis curves for PSV with different seedlayer thicknesses; (a) Ta 
seedlayer thicknesse, with sharper magnetization switching and well-separated soft and 
hard magnetic layers for thicker Ta layers, (b and c) Cr and Cr90Ru10 seedlayer 
thicknesses, respectively; tilted magnetization behavior of the magnetic layers and 
poorly-separated magnetic layers for thicker Cr and CrRu layer (the data for Cr90Ru10 
thickness beyond 30A is not shown).  
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agreement with the results shown by Law et al. [8], who used CoFe/ Pd bilayer as soft 
and hard magnetic layers. In both of the works, PMA of Co/ Pd-based bilayers or 
CoFe/Pd-based bilayers were observed to be dependant on the Ta seedlayer thickness. 
Moreover, face centered cubic(fcc) (111) orientation of Pd and CoFe-Pd bilayers were 
shown to be necessary to obtain good PMA and sharp switching. Law et al[ref 
number]., found that soft layer magnetization is slightly canted from out of plane 
orientation, for Ta thicknesses below 20 Å. However, in this study, soft layer 
magnetization switching was shown to be sharp and out of plane (would be explained in 
this section). Unlike for the samples deposited on Ta seedlayer, where a well-separated 
magnetization switching of the two magnetic layers could be observed for the Co/ Pd-
based bilayers for all values of thickness, such a behaviour was observed only on 
samples with thin (< 20 Å) Cr or Cr90Ru10 seedlayers, Figure 4.1(b, c). For the Cr 
(Figure 4.1(b)) or Cr90Ru10 (Figure 4.1(c)) seedlayers with the thicknesses above 20 Å, 
the PMA of the soft magnetic layer got deteriorated and as a result, separated switching 
of the magnetic layers and a full GMR curve cannot be obtained, as shown in Figure 
4.2. This is in contrast to what was observed for samples with Ta seedlayers. Although 
the soft layer appears to be canted from out of plane orientation, the hard layer 
anisotropy does not lose its strength in perpendicular anisotropy with Cr or Cr90Ru10 
seedlayers. This could be explained by the fact that hard magnetic layer deposited on 
top of Cu spacer layer, with Cr or Cr90Ru10 seedlayer thickness, can be sufficiently 
well-developed in fcc (111) orientation leading to the stronger PMA of hard magnetic 
layers. This part would be explained with the details in this sub-section. Figure 4.2 
shows the GMR curves for different thicknesses of Ta, Cr and CrRu seedlayers, 
which corroborate the MH loops of Figure 4.1.  
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Figure 4.2 Magnetoresistance curves for perpendicular spin valves with different thicknesses of (a) 
Ta seedlayer, (b) Cr seedlayer and (c) Cr90Ru10 seed- layers. 
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For all PSV which demonstrate well-separated switching of the magnetic layers 
regardless of Ta, Cr and CrRu seedlayers below 20 Å, CIP-GMR ratio of about 6.2% 
to 6.5% was measured. This suggests that different seedlayers do not significantly 
alter the spin polarization of the magnetic layers deposited above them, or contribute 
significantly to current shunting due to the relatively high resistivity of Ta, Cr and  
Cr90Ru10 [25, 26]. Moreover, from Figure 4.2, it could be perceived that a Ta 
seedlayer is an effective seedlayer in promoting strong PMA, well separated reversals 
of soft and hard layers, high coercivity, sharp switching in Co/ Pd multilayers, even 
for seedlayer thicknesses as thin as 3 Å (not shown here), compared with the other 
seedlayers. However, for the samples with no seedlayers or seedlayers less than 3 Å, 
canted magnetization and almost no magnetoresistance signal are observed. This 
could be possibly due to the poor quality of Co/ Pd with fcc (111)-oriented growth, 
deposited on thermally oxidized Si substrate indicating that seedlayer is necessary for 
promoting Pd with fcc (111) crystal orientation. 
The trend of GMR ratio against seedlayer thicknesses is summarized in Figure 4.3. 
The GMR shows a negligible drop as a function of thickness, for Ta seedlayer 
samples. This is expected to be due to current shunting; as the Ta layer becomes 
thicker, a part of the current goes through Ta and as a result, the observed 
magnetoresistance effect is reduced. On the other hand, a large reduction in GMR for 
Cr and Cr90Ru10 PSV samples is observed when the thickness exceeds 20 Å. For CrX 
seedlayer thickness below 20 Å, both the hard and soft layers have PMA and hence 
GMR is observed. However, the lack of PMA beyond 20 Åthick CrX films leads to 
the loss of GMR. The films with Ta, on the other hand, show PMA at all thickness 
and hence show a GMR at all values of Ta thickness investigated. 
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Figure 4.3 Magnetoresistance signal dependence to the thicknesses of different seedlayers. 
The lack of PMA in CrX films beyond 20 Åthickness is very similar to the trend of Pd 
(111) texture, as reported in perpendicular recording media by Piramanayagam et al. 
[18], where they studied a growth control layer “X”, e. g. Cr, CrTi, Ta and Ti, in the 
structure of SiO2 (substrate)/ X/ Pd/ Ru/ CoCrPt. As a good fcc (111) texture of Pd 
and CoPd is necessary to obtain good PMA and sharp switching in the GMR curves 
[18], we performed XRD measurements to confirm if the change in magnetic 
properties has crystallographic origins. 
 Figure 4.4 shows the XRD results for different seedlayers with selected thicknesses 
of Ta, Cr or CrRu. It can be seen that there are two peaks in samples with Ta 
seedlayer and samples with thin layers of Cr. The peak at around 38 degrees arises 
from the Pd layers (seed and cap). The peak at around 41 degrees arises from the Co/ 
Pd-based multilayers. In the case of Co/ Pd-based multilayers, it has been reported the 
observed CoPd (111) peak in the multilayers will depend on the thickness ratio of Co 
and Pd layers [22]. In our samples, as the Pd thickness is much larger than that of Co, 
the CoPd (111) peak is observed at around 41 degrees. Although Pd (111) and CoPd 
(111) peaks were observed for all thicknesses of the Ta seedlayer, which was varied 
from 6 Å to 50 Å, as shown in Figure 4.4, only a very weak CoPd (111) peak was 
observed if no other seedlayer was deposited below the Pd seedlayer or if the 
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seedlayer thickness was below 3 Å. Similarly, for very thick layers of Cr and CrRu, 
no CoPd (111) peak was observed, as shown in Figure 4.4. As compared with the 
other seedlayer, these results confirm that Ta is the most effective seedlayer in PSV 
structure to promote PMA because it provides a larger process window of seedlayer 
thickness.  
The cause of the above differences in the observation is attributed to the different 
properties of the seedlayers. Ta is believed to be amorphous for such thin layers. 
Therefore, the amorphous property of Ta allows greater mobility for deposited atoms 
on Ta to form their energetically favored texture [27]. For Pd, fcc (111) is the 
energetically favored crystallographic texture and hence Pd grows with a good fcc 
(111) texture on Ta. In the case of Cr and Cr90Ru10 seedlayers, the Pd (111) and CoPd 
(111) peaks disappear for thicknesses above 20 Å. This is correlated with the 
weakening of the PMA of the soft Co/Pd multilayer with two repeats of the bilayers 
for thicker seedlayers of Cr and Cr90Ru10 . The above results suggests that as the 
thickness of Cr or Cr90Ru10 seedlayer increases, the Cr (or Cr90Ru10 ) interferes with 
the growth of the Pd (111) seedlayer deposited above it, which in turn prevents the 
soft layer from achieving a good PMA. 
For deep investigation of the mechanism responsible for the degradation of magnetic 
and transport properties of PSV with thick Cr and Cr90Ru10, roughness measurement 
was conducted using AFM. In these experiments, the AFM scan for different 
seedlayer thicknesses was done at the Cu spacer layer interface as the GMR effect is 
very sensitive to the roughness at the spacer layer in a manner that depends on spin 
asymmetries for bulk and interfacial scattering [28]. 
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Figure 4.4 XRD scan of selected thicknesses for Cr and Ta seedlayers, where no crystallographic 
orientation was observed for Cr and Cr90Ru10 seedlayers beyond 20 Å. XRD scan of 
selected thicknesses for Cr and Ta seedlayers, where no crystallographic orientation 
was observed for Cr and Cr90Ru10 seedlayers beyond 20  Å. 
Therefore, the different seedlayers were deposited onto the SiO2 substrate followed by 
the bottom half of the PSV (soft (Co/ Pd) multilayer and Cu spacer layer). A thin Pd 
capping layer (about 10 Å) was deposited above the Cu layer to prevent oxidation of 
layers. It was found that for Ta seedlayer thicknesses up to 50 Å, the surface 
roughness varied between 2.1 Å to 3.3 Å and is not significant. This data is also 
corroborated by the interlayer coupling field between the hard and soft layers of 
below 10 Oe for all Ta-based samples (characterized by the shift in the minor loop, 
not shown here), which is highly sensitive to the interfacial roughness at the Cu 
spacer layer. AFM results confirm that PSV with Cr and Cr90Ru10 seedlayers have 
slightly higher roughnesses of 3.3 Å to 4.0 Å, but there is no significant difference 
between the thicker seedlayers with the thinner seedlayer. The interlayer coupling for 
PSV with Cr and Cr90Ru10 thicknesses above 20 Å cannot be determined due to the 
magnetization canting of the soft layer. However, the roughness values measured 
should not significantly affect interlayer coupling of the magnetic layer, or 
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intermixing between the Cr (or Cr90Ru10) seedlayer with the Pd seedlayer deposited 
above it. Measurements of the minor loop shift for PSV with 10 Å and 20 Å Cr or 
Cr90Ru10 seedlayers also exhibited interlayer coupling fields of below 10 Oe.  
Based on the reported values of the surface free energy (SFE) of SiO2, Ta, Cr and Ru 
of 115 to 200, 3150, 2300 and 3050 (with the unit of mJ/m
2
), respectively [29, 30], all 
of the seedlayers possess significantly higher SFE than SiO2. Therefore, all the 
seedlayers should exhibit similar growth on the SiO2 layer. However, because of the 
difference in the melting points of Ta and Cr-alloys, it is quite likely that Ta forms an 
amorphous layer and Cr alloys form their bulk-like base-centred-cubic (bcc) 
crystallinity beyond 20 Åthickness. It has been found that on amorphous surfaces, fcc 
materials tend to grow with a (111) texture in order to minimize the surface energy 
during grain growth [31, 32]. Therefore, the thin film of Ta on the thermally oxidized 
substrate allows the Pd and CoPd fcc (111) orientation to be easily maintained, as 
shown in Figure 4.4. The same is true for very thin layers of Cr and Cr90Ru10 when 
they might not develop any crystallinity. However, when the thickness of Cr (or 
Cr90Ru10) is increased beyond 20 Å, it is quite likely that they form bcc (110) as the 
formation of {110} planes in bcc structures has been reported to minimize the surface 
energy [32, 33]. Although the presence of bcc (110) cannot be detected from very thin 
layers using XRD, it is understandable that the formation of this phase do not provide 
the platform for the heteroepitaxial growth of Pd and CoPd fcc (111) orientation, thus 
preventing the proper development of PMA in the Co/Pd multilayers. The formation 
of amorphous Ta and the crystalline Cr for thicker seedlayers also explains the slight 
increase in surface roughness of Cr (from 2.8 Å to 3.7 Å) and Cr90Ru10 seedlayers 
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(from 2.8 Å to 3.1 Å) as compared to the case of Ta (from 2.1 Å to 3.15 Å) 
seedlayers. 
 
To conclude this part, it could be noted that amorphous Ta seedlayers or Cr (or 
Cr90Ru10) seedlayers with the thicknesses below 20 Å are observed to be promising in 
order to promote PMA. However, a strong PMA, a larger thickness window wherein a 
good difference between the switching fields of soft layer and hard layers and sharper 
switching at the soft layers would be achieved for thick Ta seedlayer, according to the 
results of this study. This is the reason, in this project, Ta with the thickness of 50 Å is 
chosen to be used as seedlayer for all the Co/Pd –based spin valve or MTJ structure. 
4.3 Annealing Effect on Magnetic Properties of Co/ Pd-Based Bilayers 
To achieve high TMR in perpendicular MTJ structures with Co /Pd -based bilayers, it is 
necessary to achieve coherent tunneling. However, coherent tunneling cannot be 
achieved if MgO is not grown in bcc (001) texture. As Co/Pd system is fcc (three fold 
symmetry) and MgO is bcc (four fold symmetry), it is necessary to adapt a similar 
approach as proposed by Djayaprawira et al. [34], where MgO was sandwiched by 
amorphous CoFeB on both the sides. It is believed that when MgO is sandwiched by 
amorphous CoFeB, it will grow with bcc (001) texture. Although bcc (001) texture is a 
prerequisite for a high TMR, the amorphous CoFeB layers deposited at the MgO 
interfaces must also be crystallized to achieve bcc (001) orientation. This is needed in 
order to achieve coherence tunneling. For this purpose, a high temperature annealing 
above 350°C is necessary to crystallize CoFeB layers [34-36].  
The main challenge appears when MR signal has a significant degradation upon 
annealing due to inter-diffusion between the Co and Pd layers and also the diffusion of 
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impurities into the MgO tunnel barrier [8, 37]. On the other hand, recently, in the 
structure of Si/SiO2 /Ta 70 Å/Ru 20 Å/Ta 70 Å/CoFe 20 Å/IrMn 150 Å/CoFe 20 Å/Ru 
17 Å /CoFeB 30 Å/MgO 15-30 Å/CoFeB 30 Å/Ta 80 Å/Ru 100 Å, it was demonstrated 
that the crystallization of the MgO-MTJ layers can occur within minutes of annealing at 
high temperatures [38]. This short-annealing allows MR signal to be achieved by 
avoiding Mn diffusion from the anti-ferromagnetic exchange bias layer into the 
ferromagnetic layers and tunnel barrier [38, 39]. Therefore, the objective of this part of 
the thesis is to carry out a systematic study on the magnetoelectronic properties of 
Co/Pd PSV with short annealing times (varying between 30 second to 60 second and 90 
second). Such a study will help to understand the challenges and determine the future 
potential of annealing a Co/Pd-based perpendicular MgO-MTJ without degrading the 
magnetoelectronic properties due to inter-diffusion. Therefore, perpendicular PSV with 
the structure Substrate/ Ta(50 Å)/ Pd(50 Å)/ [Co(6 Å)/ Pd(8 Å)]2/ Co(6 Å)/ Cu(20 Å)/ 
Co(6 Å)/ [Pd(8 Å)/ Co(3 Å)]10 / Pd(30 Å) / Ta(50 Å) were deposited on SiO2 substrate 
with 14.7 Ar flow rateusing magnetron sputtering. The Co/ Pd soft layer was chosen 
with two bilayers in order to have lower anisotropy field and the hard layer of Co/ Pd at 
the top of Cu spacer layer was made with 10 bilayers in order to have a larger 
anisotropy field and also with a purpose of obtaining sufficient signal for texture effect 
studies, using XRD. For short annealing time, a contact hot plate was used. To allow for 
a fast turnover rate, the hot plate was kept at atmospheric pressure. However, in order to 
minimize sample oxidation, N2 gas was made to flow over the sample surface at the rate 
of 100 sccm. The samples were annealed from 180 °C to 350 °C, for three different 
values of annealing duration (30 s, 60 s and 90 s).  
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Figure 4.5(a) shows representative CIP-GMR curves of the PSV films annealed for 60 s 
with increasing temperatures. It indicates only a slight decrease in the GMR of the PSV 
structure annealed at 180 °C and 200 °C, and no observable change in the switching 
fields of the magnetic layers. However, there is further degradation in GMR and small 
increase in soft layer coercivity, for samples annealed at 250 °C, which suggests that the 
GMR of the Co/ Pd PSV is more sensitive to annealing than the coercivity of the 
magnetic layers. This can be explained by the fact that the GMR is extremely sensitive 
to the spin polarization contributed by the thin 6 Å spin filter layers at the Cu spacer 
interfaces [37], such that even a slight diffusion of Pd into the spin filters will cause a 
reduction in the GMR. XRD measurements did not reveal any change in the fcc (111) 
peaks of Co and Pd up to 300 ºC, and only a slight broadening of the fcc (111) peaks 
were observed at 350 °C. This provides evidence that the increase in layer coercivity is 
not due to the improvement in the crystalline orientation of the Co/ Pd-based layers.  
In 2007, Law et al. [8] reported the effect of annealing temperature on magnetic 
properties of CoFe/ Pd-based bilayers using long annealing time. Figure 4.5(b) gives a 
summary of the GMR as a function of temperature for different short annealing times 
compared with that of Law et al., in which vacuum annealing at longer timescale (1 
hour) was used. Only a small reduction in the GMR for temperatures up to 200 °C for 
all three short annealing times can be noticed from this figure. However, the GMR 
reduction for the samples annealed using vacuum annealing [8] is much larger for 180 
°C and 230 °C, respectively. Significant decay in the GMR was observed, for the 
annealed samples at above 250 °C, even if the annealing time is as short as 30 s. These 
results, of low GMR degradation in short time annealing (in order of couple of 
minutes), indicate lower Co and Pd interlayer diffusion through Co spin polarizer layers 
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for the annealing temperatures below 200 °C; however, the interlayer diffusion would 
be rapidly increased for the annealing temperatures above 250 °C, which is a potential 
challenge for MgO based MTJ stacks as 380 °C for 60 s is required in order to achieve 
high TMR [38, 39]. 
 
Figure 4.5 Giant magneto resistance curves of as-deposited and 60 s contact hotplate annealed 
Co/Pd pseudo-spin-valves showing the evolution of magnetoeletronic properties with 
increasing temperature. (b) Dependence of GMR on the annealing temperature for 
vacuum (1 h) and contact hotplate annealing (30 s, 60 s, and 90 s). 
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In order to confirm if the GMR decay is dominated by the reduction in spin polarization 
due to diffusion of Pd into the Co spin filters, or within the entire Co/Pd multilayer 
stack, temperature dependence of the layer coercivities and sheet resistances for 
different annealing conditions were analyzed.  
Figure 4.6 show that for annealing temperatures up to 250 °C, the Co/ Pd-based 
multilayer coercivities for both soft layer and hard layer do not exhibit any significant 
increase. Same results are also representative of the samples annealed at 30 s and 90 s. 
On the other hand, the sheet resistance increased by 5.8%, 8.1% and 18.4% at 250 °C, 
300 °C and 350 °C, respectively. This figure indicates that the initial increase for the 
sheet resistance begins at 250 °C, which is the same temperature at which the initial 
decay of GMR is observed. As a result for the correlation between GMR decay and the 
increase in sheet resistance of the PSV films provide further evidence that inter-
diffusion within the layers is one of the main causes of GMR decay.  
For the sample annealed at 350 °C, the effect on the change of the film properties, such 
as the decrease of MR signal and increase in both sheet resistance and soft layer 
coercivity, are approximately same as for the samples annealed for 1hour using vacuum 
annealing at 230 °C. This shows that higher temperature annealing with short annealing 
times can substitute lower temperature vacuum annealing for longer periods indeed. 
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Figure 4.6 Temperature dependence of the soft (solid lines) and hard (dotted lines) layer 
coercivities and sheet resistance (dashed line) for an annealing time of 60 s. 
Figure 4.7 shows the interlayer coupling field strength between the magnetic layers for 
different annealing conditions, obtained from the minor loop shift of the soft layer using 
AGM and GMR curves. Once again, for samples subjected to short annealing times, a 
significant increase in the interlayer coupling field was observed only from 250°C. 
Interlayer coupling for samples annealed for a short time (30 second, 60 second or 90 
second) at 350°C is approaching values similar to the magnetoelectronic parameters 
observed for the vacuum annealed samples at 230°C for 1 hour. This increase in 
interlayer coupling can be attributed to the grain boundary diffusion of Co through Cu 
at the spacer layer interfaces [8]. Moreover, this could demonstrate that the rate of grain 
boundary diffusion at the Cu spacer layer interfaces is similar to the rate of intermixing 
between the Co and Pd layers for a 20 Å thick spacer layer. To analyze the diffusion 
and identify the amount of intermixing between the Co and Pd layers and through the 
Cu spacer layer, XPS measurements were conducted. Figure 4.8 shows broadening of 
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the Co, Pd and especially Cu peaks and also shifting of all the signal peaks in the 
sputter depth profile of the Co/Pd PSV as a function of temperature. 
The Cu spacer layers were also observed to have diffused slightly into the Co/Pd 
multilayers which may have contributed to the changes in the magnetic properties and 
decay in GMR. However, accurate quantification of the XPS results for these films was 
not possible due to the extremely thin layers of Co and Pd, which was beyond the 
resolution of the equipment. Nevertheless, the XPS data could confirm the layer 
intermixing and diffusion as the effective parameter in the magnetoelectronic properties 
of Co/ Pd-based bilayers in PSV structures upon annealing. 
Significant inter-diffusion and GMR degradation for the annealed samples at 350 °C 
even for annealing times as short as 30 s, approaching the results obtained for vacuum 
annealing at 230 °C for 1 h, is concluded. Since, there is less inter-diffusion between the 
Co and Pd layers and also through the spacer layer, in this work short annealing time is 




Figure 4.7 Minor loop shift (interlayer coupling field) as function of annealing temperature using 
vacuum annealing (1 h) and contact hotplate annealing (30 s, 60 s, and 90 s). 
 79 
 
Figure 4.8 XPS patterns for PSV structures at different annealing temperatures for 60 s. (a) as-
deposited samples, (b) samples annealed at 250°C and (c) samples annealed at 350°C. 
4.4 Spin Polarizer Layer Effect on Magnetic and Crystalline Properties of Co/ 
Pd-Based Bilayers  
The focus of this section is on studying Co100-x-yFexBy-SPLs with different 
compositions, which results in layers with different MS and spin polarization adjacent to 
the spacer layer. Although it is known that the magnetic properties and GMR signal in 
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the PSV devices are strongly affected by the property of the SPL [40, 41], there is a lack 
of appropriate systematic studies on the SPLs. Therefore, such a study will help in 
understanding the role of SPL and in choosing a proper SPL for MRAM designs. To 
fulfil these objectives, the perpendicular PSV with the structure of Substrate/Ta(50 Å)/ 
Pd(50 Å) /[Co (6 Å) / Pd(8 Å)]2/ Co100-xFexBy (t Å)/ Cu(20 Å)/ Co100-xFexBy (t Å)/[ Pd(8 
Å) / Co(3 Å)]10/ Pd(30 Å)/ Ta(50 Å) were deposited on thermally oxidized Si wafers 
using DC magnetron sputtering. As a polarizer layer, Co100-xFexBy, in the PSV films Co, 
Co65Fe35, CoxFe80-xB20 (where “x” in CoFeB was varied between 20, 40, 60 in 
percentage) were selected to be studied in detail. The SPL thickness was varied between 
5 to 15 Å in a step of 5 Å.  
Figure 4.9(a, b) displays the the representative CIP-GMR curves of the PSV films for 
5Å and 10 Å thick SPLs, respectively. Although all the GMR curves indicate PMA, 
from the observation of sharp switching for both SL and HL, the soft layer 
magnetization was found to be tilted when the thickness was increased to 10 Å, as 
shown in Figure 4.9(b). For the thinner SPLs, larger values of GMR were observed for 
Co/Pd multilayers that contained Co or Co65Fe35 SPLs although the maximum value 
was observed for the CoFe SPL. This could be due to the high spin polarization of 
Co65Fe35 SPL [42-44] compared to the other magnetic materials investigated in this 
work. Although GMR drops for Co/Pd films with thicker SPL, it has a strong increasing 
in samples with thicker Co65Fe35 (10 Å), about 7.5%. It is also interesting to note that, 
compared with the other SPLs studied here, the signal of about 4.6% could be observed 
even for the thicker Co65Fe35 (15 Å), as shown in Figure 4.10. The tilted magnetization 
occurs when the SPL thickness increases from 10 Å, as shown in the figure. This is 
because the bulk anisotropy dominates the interface anisotropy which is leading to the 
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tilted magnetizations. Although this figure shows the tilted anisotropy in SPL due to the 
tilted switching specially at the soft layer, the results might be promising after 
patterning as nano patterning at smaller sizes would be free of any demagnetization and 
also nucleation fields. 
 
 
Figure 4.9 GMR curves of as-deposited PSVs based on [Co( 6 Å)/Pd(8 Å)]2 multilayer with a spin 




Figure 4.10 GMR curve of as-deposited PSVs based on [Co( 6 Å)/Pd(8 Å)]2 multilayer with thicker 
spin polarizer layer (Co65Fe35  ~ 15 Å). 
Figure 4.11(a, b) shows the the hysteresis loops of PSV for different SPL, where Ms 
varies between 800 emu/cc to 1600 emu/cc (Ms(Co60Fe20B20) = 800 emu/cc, 
Ms(Co40Fe40B20) = 1100 emu/cc, Ms(Co20Fe60B20) = 1250 emu/cc, Ms(Co) = 1400 
emu/cc, Ms(Co65Fe35) = 1600 emu/cc ) including different thicknesses of 5 Å and 10 Å 
of SPL, respectively. Figure 4.11(a) show a sharp switching characteristics and large 
coercivity indicating the high PMA of the PSV for all the films. However, as shown in 
Figure 4.11(b), PSV with thicker layer of SPL shows weaker PMA, except for 
Co60Fe20B20 (Ms ~ 800 emu/cc). Although there are clear difference in switching fields 
of SL and HL, for thinner SPLs, the PMA and overall magnetization of (Co/Pd) 
multilayer for the thicker layer of Co and CoxFe80-xB20 (15 Å), not shown here, becomes 
significantly canted from out-of-plane direction, making it difficult to properly quantify 
its coercivity in the perpendicular orientation due to the interference from the switching 
field of the hard layer. This could be due to the exchange coupling between two layers 
with in-plane (arising from SPL) and perpendicular anisotropy (arising from Co/Pd 
 83 
bilayers). Therefore, net magnetization becomes increasingly tilted in such a way that 
the switching of the magnetic layers cannot be distinguished. As a result, only small 








Figure 4.11 Hysteresis curves of Co/Pd-based PSVs. a) 5 Å of spin polarizer layer, b) 10 Å of spin 
polarizer layer. 
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For better understanding of different interactions between the multilayers and grains in 
each single layer, FORC measurements were carried out for different thicknesses of 
different SPLs, as shown in Figure 4.12(a, b), where the measurement was only focused 
on the contour of the soft magnetic layer. As mentioned in chapter 3, the FORC 
contours give information about the interactions present in a system. Most commonly, 
FORC of single layer structures only are reported. In such systems, the shift of the 
contour along positive Hu represents magnetostatic interaction. The shift of the contour 
along negative Hu indicates an increasing role of exchange interaction. Very recently, 
FORC on synthetically antiferromagnetically coupled structures with two magnetic 
layers were reported.  
In this study, all FORC contours of the soft magnetic layer showed a peak in the 
negative direction, Hu, between -3 Oe to -200 Oe. This peak describes the maximum 
exchange interaction between the layers. The peak value increases for Co-rich 
composition films, indicating an increase in exchange interaction. This increase in Hu 
may be attributed to the grain boundary diffusion of SPL and Cu at the spacer layer 
interfaces [40]. It is known that the grain boundary diffusion would be maximum 




Figure 4.12 First order reversal contours for a) 5 Å of SPL, b) 10 Å of SPLs. 
Interesting behaviour was observed through the correlation between Hu and minor loop 
shift, figure 4.13. Although both follow the same trend for different SPL, the shift of 
minor loop is almost double compare to Hu. Even though the reason is not understood 
well, this may be explained to be due to the difference in measuring minor loop shift 
and FORCs. For minor loop shift, the applied magnetic field is varied between 
maximum and minimum values. However, in FORC measurements, each hysteron is 
achieved by only increasing the applied field to saturation field. Therefore, each 
hysteron is about half of each full loop. 
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Figure 4.13 Correlation between minor loop shift (red color rectangular) and Hu (green color star) 
with the areal magnetic moment.   
In this part, further attention was paid to the texture effect on the PMA of the PSV 
structures. It is known that fcc (111) orientation is necessary in order to fabricate Co/ Pd 
multilayers with a strong PMA. We conducted rocking curve measurements at CoPd 
(111) angle, in order to study the correlation between GMR and texture quality with 
saturation magnetization of SPL. Figure 4.14 shows the dependence of GMR on the full 
width at half maximum of the rocking curve (∆θ50) of the CoPd (111) peak for different 
thicknesses of SPL. 
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Figure 4.14 (a) Magnetoresistance as a function of full width at half maximum (FWHM) of the 
rocking curve (Δθ50) at the fcc (111) peak of the deposited Co/Pd bilayers (b) 
Magnetoresistance as a function of saturation magnetization (Ms) of different spin 
polarizer layers with different thicknesses.  
The results indicate that samples with a stronger and narrower Pd (111) peak intensity 
with a smaller ∆θ50 at the mentioned peak position exhibits a large GMR. Although 
interesting, it is quite possible that this effect may not be seen at device levels, when the 
magnetic layers are at the single-domain state after patterning. However, device-to-
device variation in MR may occur if there is a fluctuation in easy axis orientation. 
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Hence, it is thought to be important to reduce the easy axis orientation during MRAM 
fabrication. 
To conclude, Co65Fe35-SPL with the maximum thickness of 15 Å, is proposed to be 
used in PSV device level as it shows large value of GMR and low switching field for 
the soft layer, both are promising factors for use at device level (patterned structures). 
However, this is not the end-point as devices based on post annealed MTJ structures 
including CoFeB magnetic layer before and after MgO tunnel barrier is necessary in 
order to achieve high TMR. Therefore, effect of annealing in samples with Co80-xFexB20 
Spin Polarizer was investigated in both PSV and MTJ structures. 
4.4.1 Co80-xFexB20 Saturation Magnetization Effect in PSV Structures 
To begin the investigation of CoFeB-SPL effect in PSV structures, all the samples 
including different compositions of CoFeB-SPL were annealed at different annealing 
temperatures. Figure 4.15(a-d) show the MH loops of samples with different PSV 
(Co20Fe60B20 and Co60Fe20B20) for different annealing temperatures. The CoFeB-SPL 
thickness was fixed at 5 Å (a and c) and 10 Å (b and d). Since Co40Fe40B20 saturation 
magnetization is very close to the Ms for Co20Fe60B20, therefore, similar magnetic 
behaviour for the PSV films with the Co40Fe40B20-SPL was observed and only magnetic 








Figure 4.15 Hysteresis curves of as-deposited and annealed Co/Pd-based PSVs. a) 5 Å of 
Co20Fe60B20, b) 10 Å of Co20Fe60B20, c) 5 Å of Co60Fe20B20, d) 10 Å of Co60Fe20B20. 
This indicates that post-deposition annealing improves the PMA of the Co/Pd 
multilayers [45]. However, in Figure 4.15(b) for the PSV with thick Co20Fe60B20-SPL, 
the soft layer magnetization was found to be canted from out-of-plane orientation 
leading to the weaker PMA. This could happen due to increase in shape anisotropy (-
NMs), as the Ms for Co20Fe60B20 is much larger than the Ms for Co60Fe20B20. This could 
also be explained by the balance between different energies as bulk anisotropy of the 
CoFeB dominates over the interface anisotropy (section 2.5.3) when the CoFeB-SPL 
thickness increases to 10 Å.  
In the mentioned figures, is also interesting to pay attention to different reversals at the 
hard layer switching. There are faster switching after nucleation and slower switching 
near/after the coercive point at for thicker SPL. Similar behaviour has been previously 
reported in CoCrPt:SiO2 media with a significantly large exchange coupling [46] and 
also Co/Pd multilayers [47]. The faster reversal around nucleation field is mainly due to 
the reversal of magnetization in certain regions, which results in reduced magnetostatic 
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energy. The large tail in the hysteresis loop beyond coercivity is due to the required 
field to overcome the magnetostatic and anisotropy energy. The slower reversal 
near/after the coercive point results in increased tail at the saturation field which is due 
to the smaller domains with the larger distribution in switching field. The PMA and 
overall magnetization of (Co/Pd) multilayer and CoFeB SPL for the thicker layer of 
CoxFe80-xB20 (15 Å) became significantly canted away from out-of-plane direction, as 
compared with clear switching between soft layer and hard layer for thinner SPLs. 
Therefore, it would be difficult to properly quantify the coercivity for thicker SPL in the 
perpendicular orientation due to their interference from the switching field of the hard 
layer. This could happen due to the exchange coupling between two layers with in-
plane (CoFeB SPL) and perpendicular anisotropy (Co/Pd bilayers) [48]. Therefore, 
magnetization becomes increasingly tilted in such a way that the switching of the 
magnetic layers cannot be distinguished. As a result, no GMR curve could be obtained 
at this thickness (15 Å) at all the temperatures (varied between 250 °C to 350 °C).  
Figure 4.16(a-d) shows the representative CIP-GMR curves of the PSV films for 5 Å 
and 10 Å of CoxFe80-xB20-SPL. It can be noted that the as-deposited sample shows 
rectangular loops for x=20 at 5 Å. The GMR shows a slight increase after annealing at 
250 °C. However, further annealing reduces the GMR. Moreover, annealing at all 
temperatures lead to a tail towards saturation. For x=20, at 10 Å, the observed GMR is 
very low for the as-prepared sample. However, GMR shows a large increase after 
annealing at 250 degrees. Further annealing at temperature beyond 250 °C up to 350 °C 
reduces the GMR. The loop is not neatly rectangular and a shoulder from the soft layer 
reversal and tail from the hard layer reversal are observed when the field is increased 
from zero and towards the saturation.   A similar observation is observed for x = 40 and 
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x = 60 samples as well. However, for the layers at x=60, samples did not show a 
remarkable shoulder in the soft layer reversal. Except for x=20 samples, all the other 
samples showed a dramatic increase in GMR after annealing at 250 degrees. These 
results are, however, in contrast with what is usually expected in SV structures as it is 
generally believed that the GMR would decrease after annealing at high temperatures.  
It was supposed that GMR degradation with increase of SPL thickness could be due to 
the poor quality of certain SPL in the as-deposited state. The validity of this speculation 
is further strengthened by the observation that the increase in GMR after annealing is 
more dramatic for thicker layers of SPL. As annealing is believed to improve the 
film/interface quality, it is thought that the quality of SPL at the interface improves with 
annealing. Therefore, the resistivity of the CoxFe80-xB20-SPL was measured in order to 
confirm this presumption. The resistivity was found to be different in each SPL sample, 
as predicted. In the as-deposited state, the SPL with x=20 exhibited large resistivity of 
about 435.7 μΩ.cm while the resistivity dropped to about 175 μΩ.cm, after annealing. 
For SPL with x=60, the resistivity was found to decay from 215 μΩ.cm (for as- 
deposited sample) to 125 μΩ.cm (for the annealed sample). Comparing these two 
samples, it can be noticed that the sample with the highest resistance in the as deposited 
state showed the lowest GMR. The GMR in the annealed state also correlates with the 
resistivity after annealing. Therefore, the difference between SPL resistivity could be 
one reason for achieving different MR signals. Accordingly, these results verify that the 
lower GMR ratio for the as-deposited films is mainly due to the poorer quality of the 
CoFeB films-especially for those with Fe rich compositions. 
There is a faster degradation of GMR, for the films post annealed beyond 250 °C. This 
could have two reasons: firstly, there could be changes in the crystallographic properties 
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after annealing, secondly, there is a possible reduction in spin polarization due to the 
interlayer diffusion upon annealing. Therefore, for insight into the mechanism 
responsible for the degradation of magnetic and transport properties of PSV with higher 
annealing temperature, two more measurements were conducted. The first step towards 
understanding the effect of annealing on magnetic behaviour of the samples is done by 
quantification of ferromagnetic interlayer coupling strength via the minor loop shift of 
the soft layer switching for different annealing conditions. The minor loop shift would 
be simply obtained from MH loops, as shown in Figure 4.17(a). Figure 4.17(b) reveals 
an increase in the interlayer coupling field only for the samples annealed above 300 ºC. 
This increase in interlayer coupling can be attributed to the diffusion of CoxFe80-xB20 
and Cu at the spacer layer interfaces [40] and also indicates that the rate of diffusion at 
the Cu spacer layer interfaces is similar to the rate of intermixing between the CoxFe80-
xB20 and Pd layers for a 20 Å thick Cu spacer layer. Exchange coupling has a dramatic 
increase for PSV samples with 10 Å of Co60Fe20B20 spin polarizer. This is further 
evidence for the maximum diffusion between SPL with Co rich composition and Cu 







Figure 4.16 GMR curves of as-deposited and annealed PSVs with different spin polarizer layer 
thicknesses of (a) 5 Å of Co20Fe60B20 and (b) 10 Å of Co20Fe60B20, (c) 5 Å of 




Figure 4.17 (a) Minor loop shift of the soft layer switching in magnetic hysteresis loops and (b) 
Interlayer coupling field between the magnetic layers versus annealing temperatures. 
In order to confirm if the GMR drops, upon post annealing beyond 250 ºC, is 
dominated by the spin polarization reduction due to Pd diffusion within the entire 
Co/Pd multilayer stack, or into the Co80-xFex spin filters, the temperature dependence of 
the hard and soft layers coercivities and sheet resistances for different annealing 
temperatures was investigated. Figure 4.18 shows the coercivity of soft and hard 
magnetic layers as a function of annealing temperatures for different thicknesses of 
CoxFe80-xB20. This figure also shows that post annealing further increases the PMA of 
the magnetic layers. Clearly, it could be concluded that both SL and HL coercivities 
increase with increasing the annealing temperature. Moreover, the increase of sheet 
resistance by 7.3%, 19.5% and 31.7% at annealing temperatures of 250 °C, 300 °C and 
350 °C, respectively, provide further evidence that inter-diffusion within the layers (e.g. 
bilayers of Co and Pd as well as Co80-xFex and Cu) is one of the main causes of GMR 
degradation. Once again, it could be highlighted that GMR decreases upon post 
annealing beyond 250 ºC while sheet resistance increases, however, there is a peak in 
GMR for the samples annealed at 250 ºC compared to as-deposited samples. 
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Figure 4.18 Magnetic layers coercivity versus annealing temperature for different Ms and different 
thicknesses of CoxFe80-xB20 spin polarizer layer. 
 It is known that, fcc (111) orientation of Co/Pd multilayers is crucial to obtain PMA. 
Therefore, rocking curve measurements were conducted at angles corresponding to 
CoPd (111) peaks, in order to study whether or not there is any correlation between 
GMR and texture quality. Figure 4.19 shows the dependence of GMR on the FWHM of 
the rocking curve (∆θ50) of the CoPd (111) peak for different Co60Fe20B20 thicknesses. 
The results indicate that samples with stronger and narrower Pd (111) peak intensity 
with a smaller ∆θ50 at the mentioned peak position produces larger GMR signals. 
Strongest PMA were observed for the samples annealed at 250 ºC, where it has also the 
largest value for the GMR signal (> 4.2% ). This could be resulting from the improved 
PMA after annealing. This PMA is stronger for the sample with the thickest SPL, 
compared to thinner ones, because the hard layer is deposited above the two bilayers of 
Co/Pd including 10 Å of CoFeB SPL and the Cu spacer layer, allowing sufficient 
development of the fcc (111) for the hard layer such that the alloy formed from 
interdiffusion does not destroy the PMA. Although interesting, it is quite possible that 
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this effect may not be seen at device levels, when the magnetic layers are at the single-
domain state after patterning. 
 
Figure 4.19 GMR dependence with FWHM for as-deposited and annealed Co/Pd-based PSVs with 
5 Å and 10 Å of Co60Fe20B20 polarizer. 
To conclude, CoFeB with 60:20:20 atomic composition is proposed to be used in PSV 
structures as it shows a lowest saturation magnetization that results in a lower 
demagnetization field and hence stronger PMA. It also shows larger GMR signal and 
low switching field for the soft layer, both promising for being used in device 
structures. However, to propose the most appropriate CoFeB composition for being 
used in p-MTJ stacks, Cu spacer layer is necessary to be replaced with MgO tunnel 
barrier. Therefore, all the above structures were fabricated as MTJ with MgO tunnel 
barrier. Figure 4. 20 shows the perpendicular MH loops for both PSV and MTJ 
structures with different compositions of CoFeB as SPL. This figure indicates different 
magnetic properties of PSV and MTJ structures. This could be due to the different 
quality of MgO and Cu interfaces. For PSV structures, Co60Fe20B20 exhibits the distinct 
switching from fixed and free layers that clearly identifies the parallel and antiparallel 
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states while the CoFeB thickness could be as thick as 10 Å without scarifying the PMA. 
Nevertheless, Co20Fe60B20 is shown to be more promising to be used in MTJ structures 
based PMA while the soft layer magnetization canted from out of plane by increasing 




























Figure 4.20 Hysteresis curves of Co/Pd-based PSV and MTJ samples with different SPL. a) 5 Å of 
Co20Fe60B20, b) 10 Å of Co20Fe60B20, c) 5 Å of Co40Fe40B20, d) 10 Å of Co40Fe40B20e) 5 
Å of Co60Fe20B20, f) 10 Å of Co60Fe20B20. 
Although, in this section, it could be seen that the best CoFeB composition in order to 
be used in perpendicular MTJ structures, is Co20Fe60B20, it has always been reported 
that MTJ structure based on multilayers has lower TMR compared with MTJ structures 
based on in-plane anisotropy. The reason mostly has been reported to be due to the 
diffusion of the layers in MgO tunnel barrier, after post annealing the devices in order to 
crystallize the CoFeB to achieve higher TMR. Therefore, many research groups focused 
to solve this challenge.  
However, from some of the results in this work, crystallization of supposedly 
amorphous CoFeB was hypothesized to be a cause of poor TMR in MTJ device 
structures. The next section of this chapter describes this in detail. 
4.5 CoFeB Crystallinity in MTJ Stacks with Co/ Pd-Based Bilayers 
Figure 4.21 show the crystallography analysis of MTJ structures with Co/ Pd-based 
multilayers at three different conditions (for as-deposited samples, post annealed 
samples at 300 ºC and 350 ºC). This figure indicates that for MTJ structures, there is a 
clear fcc (111) peaks at around 41 degrees, which mostly arise from Co/Pd multilayer 
on the top. This result is quite surprising, as the growth of Co/Pd multilayers was 
interrupted by two CoFeB layers, which are of about 10 Åthick. 
If CoFeB is amorphous as believed by the others, such a fcc(111) peak might not be 
seen. Therefore, we hypothesized that thin layers of CoFeB may not be amorphous. As 
CoFeB polarizer layer before the tunnel barrier in MTJ structures is deposited on the 
bilayers of Co and Pd, it was hypothesised that the fcc texture of CoPd might produce a 
similar lattice structure for CoFeB instead of making it amorphous. It was thought to be 
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interesting if we could find out more about CoFeB, whether it is amorphous or 
crystalline. 
 
Figure 4.21 XRD patterns for as deposited and annealed Co/Pd multilayers-based MTJ structures. 
To verify this possibility, CoFeB with different thicknesses, varying between 5 Å to 60 
Å, was sandwiched between two Pd layers, as shown in Figure 4.22. The first thin Pd 
layer (only 50 Å) deposited on a thin Ta seedlayer (about 50 Å), which is similar to the 
seedlayer for Co/Pd multilayers in most of our studies, was made for the purpose of 
promoting fcc (111) texture. As the 50 Å Pd at bottom is too thin to show a strong XRD 
peak, another layer of Pd (20 Åthick) was grown on top. When uninterrupted, the top 
Pd (20 Å) layer would grow epitaxially on the Ta/Pd seedlayers and would exhibit a 
good crystallographic texture. When CoFeB layer is inserted between the bottom (50 Å) 
and the top (20 Å) Pd layers, the growth of top Pd would depend on the nature of the 
CoFeB. If CoFeB is amorphous, the top Pd will have a poor texture and if CoFeB is 
crystalline and if it follows the texture of the bottom Pd layer, then the top Pd will 
exhibit a good texture. 
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Figure 4.22 Schematic of film structures: Si substrate with a thin layer of SiO2 / Ta 50 Å/Pd 50 Å/ 
Co20Fe60B20 (t)/ Pd 20 Å where t varies between 3 Å, 5 Å, 10 Å, 15 Å, 20 Å, 30 Å to 60 
Å with the step of 10 Å. 
To investigate the nature of CoFeB layer, XRD data was performed. The results are 
shown in Figure 4.23. A reduction in the peak intensity of Pd-fcc (111) is very clear for 
CoFeB thickness above 20 Å. The peak intensity is not significantly different in the 
CoFeB thickness range of 3-15 Å. The results indicate a possibility of CoFeB growing 
epitaxially over Pd(111). However, rocking curve measurements could provide a better 
insight on the epitaxial growth. Therefore, in order to have a better understanding of 
texture effect, rocking curve measurements for Pd fcc (111) peak (ω scan) were carried 
out. The inset in Figure 4.24 shows the rocking curve measurements. Figure 4.24 shows 
the FWHM of Pd-fcc (111) from the rocking curve measurements as a function of 
CoFeB thicknesses.  
It can be noticed that the FWHM is in the range of less than 5 degrees for CoFeB 
thickness below 20 Å. Upon further increase of CoFeB thickness, FWHM increases 
monotonously. These results suggest the possibility that CoFeB follows the lattice 
structure of thin Pd layer and passed on the Pd(111) texture to the top layer. However, 
for the CoFeB layers with the thicknesses beyond 20 Å, the FWHM increases 
significantly, suggesting that the CoFeB layer cannot perfectly transfer the fcc texture 
and therefore CoFeB layer is seemed to be amorphous as per the conventional wisdom. 
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Figure 4.23 XRD patterns for SiO2/ Ta 50 Å/Pd 50 Å/ Co20Fe60B20 (t)/ Pd 200 Å with CoFeB 
thicknesses varies between 3 Å, 5 Å, 10 Å, 15 Å, 20 Å, 30 Å to 60 Å. 
To further confirm if the CoFeB is grown with the lattice structure of Pd layer below, 
cross-sectional TEM measurements were carried out. Figure 4.25 shows the TEM 
images. The lattice planes can be seen clearly from the TEM. It can also be noticed that 
the lattice planes are spread throughout the stack, indicating no amorphous layer. 
It is known that large TMR is achieved upon post annealing due to crystallizing bcc 
(200)-oriented CoFeB layers. Therefore, the next step towards investigating the 
crystallinity of CoFeB was to anneal the samples to check if supposedly amorphous 
CoFeB is crystallized in bcc (200) orientation, after annealing, or not. Hence, all the 
samples were post annealed at 350 ºC for 1 hour, using vacuum annealing. The rocking 
curve analysis of the annealed samples, not shown here, were similar to the FWHM 
trend of as-deposited samples. The results illustrate that annealing cannot change the 




Figure 4.24 Full width at half maximum (FWHM) of ∆θ50 of Pd-fcc(111) texture as a function of 
CoFeB thickness. 
 
Figure 4.25 High resolution TEM shows that CoFeB with the thickness of 20 Åfollows fcc (111) 
texture arising from Pd seedlayer. 
It may be argued that the top Pd layer, being 200 Åthick, may have a fcc(111) texture 
independent of the layers below. First of all, if that is the case, one would not see a 
change in the FWHM at Pd fcc(111) peak as a function of CoFeB thickness. Moreover, 
a dependence of FWHM on the thickness of CoFeB is also an indication that measured 
FWHM mainly belongs to the top Pd layer. In order to further confirm that a 150 ÅPd 
layer would not develop a fcc (111) texture without the aid of Ta/ Pd seedlayers below,  
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we measured rocking curve of 150 ÅPd layer on top of 100 ÅCoFeB deposited on SiO2 
substrate. This study would also help to confirm if CoFeB could initially grow 
amorphous on SiO2 substrate. Figure 4.26(a) shows poor quality of Pd with fcc texture 
as the FWHM of ∆θ50 of Pd-fcc (111) indicating a wide peak (about 10 degrees). 
Accordingly, it could be concluded that the Pd(111) texture in the earlier sample was 
derived from Ta/Pd seedlayer through CoFeB and CoFeB layer deposited directly on 
SiO2 substrate would not induce Pd(111) texture. Amorphous CoFeB deposited on SiO2 
substrate and crystalline Pd could clearly be seen using TEM, Figure 4.26 (b). 
 
Figure 4.26 (a) Full width at half maximum (FWHM) of ∆θ50 of Pd with fcc (111) texture as a 
function of CoFeB thickness and (b) High resolution TEM shows amorphous CoFeB 
deposited on SiO2 substrate.. 
4.5.1 Magnetic Properties of amorphous and crystalline CoFeB 
It is interesting to study and compare the properties of amorphous and crystalline 
CoFeB layers. Therefore, orthogonal MH loops were measured on samples prepared as 
shown in Figure 4.27. It can be noticed that the designed structures could produce 
CoFeB in crystalline or amorphous phase, as concluded from the previous study. Figure 
4.28(a) shows the hysteresis loops obtained from amorphous CoFeB film, which shows 
negligible difference in their switching behaviour in the two directions. In contrast, 
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CoFeB in structure (B), where it is considered to be in fcc phase, shows different 
properties in the orthogonal directions. 
XRD measurement was carried out, in order to check the crystalline property of both 
structures. Figure 4.29 shows a very weak CoPd-fcc (111) and also Pd-fcc(111)-
oriented peak for sample A. The total thickness of Pd layer that could develop fcc(111) 
texture in sample A is about 70 Å. However, three peaks could be observed for the 
structure B. The peaks are also of a stronger intensity than those observed in sample A. 
The total thickness of Pd that could develop fcc(111) texture in sample B is about 120 
Å, which is 70% higher than in sample B. The two peaks around 40º and 41º probably 
show the crystallinity of Pd layers deposited below bilayers of Co/ Pd and after Co/ Pd. 
As the top Pd layer (50 Å) below CoFeB in structure B is sandwiched between two Co 




Figure 4.27 Schematic of film structures: (a) Ta 50 Å/ CoFeB 20 Å/ Ta 50 Å/ Pd 50 Å/ (Co 10 Å/ 
Pd 4 Å)5/ Ta 50 Å, (b): Ta 50 Å/ Pd 50 Å/ (Co 10 Å/ Pd 4 Å)5/ Pd 50 Å/ CoFeB 20 Å/ 





Figure 4.28 Orthogonal (sample loading orientation) MH loops for (a) Ta 50 Å/ CoFeB 20 Å/ Ta 50 
Å/ Pd 50 Å/ (Co 10 Å/ Pd 4 Å)5/ Ta 50 Å, (b): Ta 50 Å/ Pd 50 Å/ (Co 10 Å/ Pd 4 Å)5/ 
Pd 50 Å/ CoFeB 20 Å/ Ta 50 Å, both deposited on SiO2 substrate. 
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Figure 4.29 XRD patterns performs strong fcc (111) texture for the structure of Ta 50 Å/ Pd 50 Å/ 
(Co 10 Å/ Pd 4 Å)5/ Pd 50 Å/ CoFeB 20 Å/ Ta 50 Å (red color patterns)and a weak 
fcc(111) texture for the structure of Ta 50 Å/ CoFeB 20 Å/ Ta 50 Å/ Pd 50 Å/ (Co 10 
Å/ Pd 4 Å)5/ Ta 50 Å (green color patterns). 
To summarize, the results of this chapter section prove that the fcc texture arising from 
Pd seedlayer in MTJ structures based Co/Pd multilayers affect the crystallinity of the 
CoFeB ferromagnetic layer for thicknesses below 20 Å. Accordingly, the MgO layers 
deposited on such CoFeB may not achieve bcc(200) texture, resulting in a reduced 
TMR. A new structure was designed and proposed as a part of this work, to solve 
CoFeB crystallinity problem in MTJ structures based Co/Pd multilayers. However, the 
details are not disclosed due to patent  
4.6 How to Improve Thermal Stability in CoFeB (with PMA)-based Stacks? 
It is known that the structure of CoFeB/ MgO/ CoFeB is necessary to obtain large TMR 
in MTJ stacks. Recently, it has been reported that CoFeB could develop PMA when 
suitable interface is produced. The PMA was achieved for CoFeB magnetic layer 
thickness below 13 Å. For CoFeB thicknesses beyond 13 Å, in-plane magnetic 
anisotropy is shown. Such an observation has stimulated interest in CoFeB with PMA 
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as such structures are easy to be produced and are thermally stable up to device size of 
about 40 nm in diameter. Moreover, perpendicular MTJ stacks using CoFeB could be 
potentially useful to achieve lower switching current. Therefore, there are lots of 
activities in CoFeB based free layers with a PMA. In order to achieve devices with 
smaller sizes, it is necessary to increase the anisotropy constant (Ku) or the total device 
volume (V) of these the free layer or the stack, respectively. 
One way to approach this goal could be achieved by increasing the thickness of CoFeB. 
However, such increase in CoFeB thickness is resulting to the in-plane magnetic 
anisotropy and therefore, losing the PMA. As a results, it was our interest to find out if 
the total thermal stability of such stack could be increased (by increasing CoFeB 
thickness, improving Ku and decreasing device size) without losing PMA.  
Our first approach to this target was tunning the interface anisotropy and bulk 
anisotropy between CoFeB and a non-magnetic layer (e.g. Pd, Pt, Ta or…) in order to 
achieve PMA. Figure 4.31 shows the MH loops of PSV for different number of bilayers 
in the structure of Ta 50 Å/ Pd 50 Å/ (CoFeB 3 Å/ Pd 8 Å)n/ CoFeB 5 Å/ MgO 20 Å 
(where n varies between 3, 4, 5, 6, 12). The results, presented in this figure, indicate 
PMA in all different numbers of CoFeB/ Pd bilayers. The increase of coercivity with 
the number of multilayers also indicates the contribution of interface anisotropy. 
All the samples annealed in three different temperatures (250 °C, 300 °C and 350 °C). 
PMA was observed for all the annealed samples, as compared with the as-deposited 
samples, as shown in Figure 4.32. This structure could be promising to use thicker 
CoFeB in the structure of CoFeB/ Pd bilayers. For example, the total thickness of 
CoFeB in (CoFeB/Pd)n multilayers would be as thick as 36 Å, when the number of 
bilayers is 12. However, the main challenge would occurred in this structure, was 
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exampled in section 4.5 to be CoFeB crystalinity along fcc (111) orientation, when it is 
adjacent to the Pd layer. Moreover, Pd and Pt are known as challenging materials for 
etching. 
Therefore, there is a need to engineer a stack that proposes thicker amorphous CoFeB 
while the PMA is not sacrificed nor any Pd or Pt layers are used in the stack. 
Consequently, as a second approach to our target, we tried to think carefully on CoFeB-
MgO based MTJs with PMA, by defining this new stack in different way:  
CoFeB-based MTJ stack is considered to be a potential candidate for perpendicualr 
STT-MRAM cell due to the ease in device fabrication, reasonably high anisotropy, low 
switching current and relatively high TMR. The anisotropy of the reported material can 
support a device diameter of about 35 nm [16]; 
However, this perpendicular stack is limited mainly by the maximum thickness of about 
1.3 nm and maximum effective anisotropy (Keff.t) of about 0.25 erg/cm
2
. However, in 
order to extend the use of stack in high density MRAM products, thermal stability 
factor (SF) has to be further improved while the stack does not suffer from wrong crysta 
orientation. In order to improve SF, CoFeB thickness must be increased without 
sacrificing the PMA, but there has been no success until now. Therefore, the main 
question still remains for us was how to improve SF?! 
In US Patent 20,130,052,483, we have carried out experiments to improve SF; resulting 
in improved Keff.t (~ 0.5 erg/cm
2
) with reasonably high TMR (~ 70%) and relatively 
low RA (~ 10 Ω.um2). This recent invention could be useful in developing high density 
MRAM device with smaller cell size.  
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Figure 4.30 Magnetic hysteresis (MH) loops in the structure of Ta 50 Å/ Pd 50 Å/ (CoFeB 3 Å/ Pd 
8 Å)n/ CoFeB 5 Å/ MgO 20 Å, where n varies between 3, 4, 5, 6 and 12. 
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Figure 4.31 Magnetic hysteresis (MH) loops in the structure of Ta 50 Å/ Pd 50 Å/ (CoFeB 3 Å/ Pd 
8 Å)n/ CoFeB 5 Å/ MgO 20 Å for as-deposited and annealed samples: (a) 6 bilayers, (b) 
12 bilayers. 
4.7 Conclusions and Future Works 
 To conclude, Ta seedlayer with 50 Å thickness was observed to promote better 
PMA, distinct switching between the soft and hard magnetic layers to identify 
the parallel and antiparallel states, in Co/ Pd-based multilayers systems, section 
4.2.  
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 One of the key challenges to achieve high TMR is known to be diffusion 
through the tunnel barrier. As it was mentioned in section 4.3, short time 
annealing was concluded to be more promising in order to achieve higher TMR 
in MTJ structures, because it performs less diffusion compared with vacuum 
annealing for one hour.  
 Moreover, CoFeB saturation magnetization and therefore, its atomic 
composition was found to be effective parameter in both PSV and MTJ device 
structure. CoFeB with Co rich atomic components promote stronger PMA in 
PSV structures, however, Fe rich CoFeB was found to become more effective in 
MTJ structures, in order for sharp and distinct switching between soft and hard 
magnetic layers.  
 Although Co60Fe20B20 shows less demagnetization field and therefore larger 
GMR in PSV structures, 4.4, Co20Fe60B20 was found to have a better switching 
compared with the former CoFeB composition. This is because, oxygen atoms 
in MgO tunnel barrier makes the interface suitable for Fe atoms which has 
larger atomic concentrations in Co20Fe60B20, 4.4.1 . 
 In section 4.5, in a very nice systematic study, CoFeB was shown not to be 
amorphous in the MTJ structures with Co/Pd-based magnetic structures.  
 Finally, in section 4.6, PMA was explained to be sensitive in choosing the 
correct materials in order to increase the CoFeB magnetic layer thickness, 
without losing PMA. Bilayers of CoFeB/ with a non-magnetic (NM) layer were 
designed in order to increase the total thickness for the CoFeB in which was 
shown to be possibly as thick as 50 Å, promising for reducing the device size to 
17 nm for the future application. 
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C H A P T E R  5  
5. MAGNETIC MATERIALS FOR FUTURE MRAM 
APPLICATIONS 
In previous chapters, the discussions were focused on magnetic multilayers with 
perpendicular magnetic anisotropy (PMA) and thin CoFeB-based free layers, which are 
currently worldwide researchers’ interest. It is crucial to note that the multilayers with 
PMA are suitable for emerging MRAM applications, as they have a higher anisotropy 
and hence are thermally more stable.  
However, alloys such as CoPt, Co3Pt, FePt and Fe3Pt in their chemically ordered L10 
phase are potential PMA materials, for future MRAM products. This is due to the larger 




 for FePt), higher oercivity (Hc), a 
relatively high saturation magnetization (Ms = 800-1100 emu/cm
3
), resistance to 
corrosion, and large energy products (BH)max in their ordered L10 tetragonal phase [1-4] 
which enable potential scaling of the MTJ stacks down to 50 Åwith the high thermal 
stability (without losing information). Moreover, compared to Co/Pd -based magnetic 
multilayers, the easy axes magnetisation for FePt or CoPt with ordered face-centered-
tetragonal (fct) phase are along the [001] direction. This crystal orientation matches 
with base-centred-cubic (bcc) crystal with (002) orientation. Therefore, it is possible to 
grow fct-FePt and MgO together as soft/hard magnetic layer in MTJ stack in order to 
achieve high tunnelling through MgO tunnel barrier. However, achieving ordered fct-
CoPt and FePt phase (also known as L10 phase) is a big challenge. This chapter 
discusses the investigations carried out on the growth of L10 FePt for MRAM 
applications. 
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5.1 Problems Statement 
In order to initiate chemical ordering that yields the required phases for large PMA of 
FePt and CoPt, very high deposition substrate temperatures (Ts) or post annealing 
process (> 400˚C) are required [5-7]. Such process temperatures exceed the maximum 
temperature limitations of real MRAM products. This would cause inter-diffusion at the 
device layers or transistor damage, making this material with no practical path for real 
MRAM manufacturing. Therefore, it makes good sense to investigate the processes to 
fabricate strong PMA of FePt or CoPt at lower deposition temperatures. A lot of 
such studies have been undertaken in recording media [2-7]. However, unlike recording 
media, the selection of seedlayers for spintronics applications require electrically 
conductive and smooth continuous films that can promote L10 FePt growth and act as 
the ferromagnartic electrode in MTJ stacks. Moreover, in MTJ stacks, MgO tunnel 
barrier which is to be deposited on FePt needs to be smooth and possess good (001) 
texture in order to achieve higher tunnelling effect [8]. Therefore, it is highly interesting 
to focus on the tailoring of L10 FePt growth for MTJ stacks. Nevertheless, there are 
many limitations in using these material for MRAM applications. Such challenges 
make this material category to be interesting foracademic research for better 
understanding of the limitations. Here, we briefly explain some of the limitations. As an 
example: although chemically ordered phase of FePt and CoPt are interesting due to 
their larger Ku, they are suffering from high Gilbert damping (α) constant (~ 0.55 for 
L10 FePt). This value is almost 10 times larger than that for thin CoFeB or Co/ Pd-
based magnetic multilayers. Therefore, switching current density of the MTJ stacks 
including L10 FePt or CoPt would be several times larger. The above mentioned 
challenges are the main reasons L10 FePt or CoPt are known as the materials for future 
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MRAM applications, as compared to the current MRAM technologies. It is worthy to 
highlight again that chemically ordered FePt or CoPt ferromagnetic electrodes are 
interesting for future applications in which the device size could be as small as 5 nm. 
5.2 Goals and Approaches  











 for L10 CoPt); and also, lower deposition Ts is 
required, in order to achieve L10 FePt. Therefore, the attention of the PMA materials 
related to the high anisotropy in this chapter is only focused on the growth of L10 FePt. 
The goals taken in this chapter are to achieve a smooth and conductive seedlayer in 
order to be used in real MTJ stacks.  
The approach to these goals is based on two cornerstones, which are: 
(1) To optimize deposition conditions in order to achieve long range ordering 
(LRO) of FePt. 
(2) To investigate the seedlayer crystallographic texture effect on the growth, 
surface roughness and magnetic properties of L10 FePt films. 
Several studies to tailor the growth of FePt for magnetic recording media using 
seedlayers have been reported [9-12]. The main role of seedlayers in recording media 
applications is to induce a preferred textured growth. Moreover, the attention of the 
recording media related FePt studies is focused on the formation of segregated grain 
structure [13, 14] which is not desired in MRAM application. In addition, the 
conductivity of the seedlayers is not considered since recording media does not need 
electrodes as one of the functional layers. 
Up to the start of this thesis, no systematic study on the seedlayer effect for spintronics 
applications has been conducted. Therefore, in this chapter, we focus our discussion on 
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different conductive seedlayers such as Cr, CrRu, Pd, CoFe, and their effect on FePt 
growth in L10 phase as well as interface quality (smoothness). It would be helpful to 
achieve a proper texture by choosing a proper seedlayer which reduces the substrate 
temperature deposition as well as reducing the roughness at the interface resulting to the 
smoother interface. 
5.3 Results and Discussions 
5.3.1 Effective parameters to promote chemically ordered L10 FePt 
(i) Effect of sputtering power and deposition pressure 
The first important step toward growth of highly ordered L10 FePt is to obtain optimal 
deposition parameters to achieve L10 FePt. Therefore, we deposited thick layer of 
Fe55Pt45 (10 nm) on MgO single crystal substrate, with bcc (002) crystal orientation, and 
then we capped it with Pd (7 nm) layer. For each sample, FePt deposition power was 
varied between 25 W and 60 W and deposition pressure was chosen as 1.5 mTorr, 3 
mTorr and 5 mTorr. Figure 5.1 shows the XRD analysis for all different deposition 
conditions of thick FePt. All the samples, deposited at room temperature, exhibit 
disordered face-centered-cubic (fcc) crystal lattice with strong FePt-fcc (111) peak at 2θ 
= 41° and no fct (001) peak at 2θ = 23° is observed. The above results can be explained 
using Fe-Pt binary phase diagram. The equiatomic FePt bulk material is known to form 
fcc phase at room temperature. However, disordered phase could be transformed to 
ordered-fct phase by post annealing the samples beyond 600 ºC. Therefore, for the 
above thin films, we carried out post-deposition annealing of all the samples at 600˚C 
for 1 hour, using conventional vacuum annealing system. As is evident from XRD 
patternsin Figure 5.2, in addition to the fundamental (002) peak, (001) superlattice peak 
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of the fct phase have clearly been observed for the samples deposited at pressure lower 
than 5 mTorr. These results confirm the formation of L10 ordered structure. No peaks 
from the other planes of L10 ordered structure are seen.  
 
Figure 5.1 XRD patterns for FePt (10 nm) deposited on MgO (002) single crystal substrate at 




Figure 5.2 XRD patterns for the samples annealed at 600 °C for one hour. No fct phase was 
observed for the samples deposited at higher pressure. 
 
The sharp and intense superlattice peaks are observed for sample deposited at lower 
deposition power and deposition pressure. The intensities of superlattice peaks decrease 
with increasing the deposition pressure which indicate a reduction in the degree of 
chemical ordering. Therefore, to find the optimal deposition condition, it is important to 
understand the dependence of LRO as a function of different sputtering power and 
deposition pressure. LRO is a function of the ratio of integration of the FePt (001) and 














supsup                                  Equation 5.1 
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Where Isup = integral intensity of the superlattice (001) reflection and Ifund = integral 
intensity of the fundamental (002) reflection and multiplied by the ratio of the measured 
rocking curve (Δθ50) full width at half maximum (FWHM) of corresponding reflections. 
The ordering parameter was calculated and a larger value (about 0.8) was obtained for 
the FePt samples deposited at lower power and lower pressures (1.5 mTorr, 25 W), as 
shown in Table 5.1. To check magnetic property of the samples, magnetic hysteresis 
(MH) loops measurement with magnetic field applied perpendicular to the film planes 
were carried out using AGM and are shown in Figure 5.3.  
The hysteresis curves for the samples deposited at higher pressure (5 mTorr) show 
lower remanent magnetic moment (Mr) with in-plane magnetic anisotropy. It is worth 
repeating that the above- mentioned XRD patterns, as shown in Figure 5.2, showed no 
phase transformation for the samples deposited at higher pressure, from fcc to fct 
crystal orientation.  
Deposition pressure/deposition power 1.5 mTorr 3mTorr 5 mTorr  
25 W 0.8 0.48 No fct (001) peak LRO 
60 W 0.65 0.72 No fct (001) peak LRO 
Table 5.1 LRO parameters as a function of deposition pressure and deposition power. FePt is 
highly ordered in fct phase at the deposition power of 25 W and deposition pressure of 
1.5 mTorr. 
Magnetic properties were measured using AGM with field applied perpendicular to the 
film-plane, in order to see if PMA has been developed in the post annealed FePt 
samples. Figure 5.3 shows the typical MH loops for various samples. The following 
points can be noted;  
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 The films deposited at lower power (25 W), in general, show better rectangular 
loops. Moreover, they also have a higher value of Mr, indicating a better PMA 
than those sputtered at higher power (60 W). 
 At high power deposition, the samples deposited at lower pressure show 
hysteresis-loops with better PMA. 
The hysteresis loop results are in agreement with those obtained from XRD. In XRD 
also, the samples deposited at lower power showed stronger L10 phase with (001) peaks 
with a correspondingly squarer hysteresis loops. The XRD of samples deposited at 
higher pressure showed no (001) peaks and as a result, the hysteresis loop did not 
exhibit a high Mr. However, the difference in the hysteresis loops are not as dramatic as 
that observed in XRD.  
 
Figure 5.3 Magnetic hysteresis (MH)loops for the samples annealed at 600 °C for one hour. 
Weaker perpendicular magnetic anisotropy was observed for the samples deposited at 
higher deposition pressure (5 mTorr). 
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(ii) Effect of Substrate Temperature 
FePt has been shown to grow with L10 phase on heated substrates at much lower 
temperatures (about 400 °C) than in the post-deposition heat treatment (annealing 
temperature > 600 °C). As the MRAM fabrication needs to be carried out at 
temperatures below 400 °C, it is essential to understand and optimize the deposition on 
heated substrates. Therefore, a detailed study on the effect of substrate temperature was 
carried out. We deposited FePt (15 nm) on MgO substrate by keeping the deposition 
power and pressure at 25 W and 1.5 mTorr, respectively. We varied the Ts for FePt 
from 400 °C to 450 °C and 500 °C at a ramping rate of 10 °C/min. In order to have a 
stable temperature, we waited for 30min after the temperature at the substrate reached 
the set point. All the samples were capped with 7 nm thick layer of Pd at room 
temperature, in order to avoid any possible oxidation.  
Figure 5.4 shows the XRD (-2 scans) for FePt samples deposited at various substrate 
temperatures. At lower temperatures (450 °C and below), the fct(001) peak is not very 
clear. However, strong fct phase with the larger L10 peak (001) and negligible fcc (111) 
crystal was observed for the sample deposited at higher Ts = 500 °C. Fcc to fct phase 
transformation as a function of Ts could be clearly seen, where both fundamental (002) 
reflection and superlattice (001) reflection are increased by increasing the Ts from 400 
°C to 500 °C. 
We also measured perpendicular MH loops for all the samples. Stronger PMA with the 
larger Mr for the samples deposited at Ts = 500 °C was observed, as shown in Figure 
5.5. This observation is in a good agreement with the XRD results where strong L10-
phase for the samples deposited at same Ts was obtained. Therefore, in this particular 
project, we used Ts =500 °C for all the deposited FePt samples. However, it must be 
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mentioned that the Ts is a display temperature (set temperature) at deposition tool’s 
hardware, however, the real temperature at the substrate (where the films are grown) is 
about 100 degrees less than what was displayed by the deposition tool’s hardware. 
 
 




Figure 5.5 Magnetic hysteresis curves for FePt (150 Å) with different Ts shows stronger 
perpendicular magnetic anisotropy with Hc ~ 2800 Oe for Ts = 500°C. 
 
5.3.2 Magnetic and Structural properties of FePt grown on Cr underlayers 
The lattice structure of L10 FePt matches well with bcc (200) materials such as Cr, 
CrRu etc., when their lattice constants do not differ significantly [15]. In the previous 
section, MgO with (200) texture was used to obtain heteroepitaxial growth. However, 
for device applications, metallic layers are preferred as they can act as seedlayer as well 
as electrode. Therefore, alloy of Cr (such as Cr or CrRu) which are well known as 
seedlayer candidates to promote L10 phase in FePt due to their formation of bcc (200) 
crystal orientation, were considered at first. Thus, in this section, we describe our study 
on using Cr as a seedlayer for the growth of L10 FePt. 
Figure 5.6 shows the film structures of FePt film prepared at a substrate temperature of 
500 °C. As a seedlayer, 500 Å thick Cr seedlayer, deposited on thermally oxidized Si 
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(100) wafer at Ts ranging from 300 °C to 400 °C, in steps of 50 °C, was used. Figure 
5.7 shows the XRD patterns of the FePt/ Cr thin films at various Ts of the Cr seedlayer. 
As shown in this Figure, Cr seedlayer exhibits bcc (200) texture only at Ts above 350 
°C. Moreover, the fundamental (002) peak reflection of FePt appeared only when Ts is 
350 °C. Although, it is known that the ordered L10 FePt can grow epitaxially along 
based-centred-cubic (bcc) (200) [15], the ordered FePt does not appear even at the 
maximum temperature used in our experiments.  
To get the magnetics perspective into the investigation, we measured the hysteresis 
loops for all the samples using MOKE. No hysteresis curve was observed which led to a 
conclusion that there was no perpendicular anisotropy for all the samples with different 
Ts.  The absence of FePt (001) peaks and perpendicular magnetization curves are 
evidences for poor/no L10 phase suggesting the possibility that the Cr could have 
diffused into the FePt magnetic layer.  
 
Figure 5.6 Schematic of film structures: SiO2 (substrate)/ Cr 500 Å (Ts °C)/ Fe55Pt45 150 Å (500 
°C)/ Pd 50 Å; Ts varies between 400 °C to 500 °C with the step of 50 °C. 
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Figure 5.7 XRD patterns for thin films Cr/FePt deposited on SiO2 substrate. Cr seedlayer is 
deposited at Ts varies between 400 °C to 500 °C with the step of 50°C. 
As Cr is known to reduce anisotropy constant and the magnetization in magnetic 
materials, this diffusion leads to some changes in the magnetic properties of FePt 
magnetic layers. If diffusion of Cr is the cause, preventing it could help to improve the 
PMA and the magnetic properties, therefore, in order to check if the Cr diffusion into 
FePt magnetic layer is the reason and if it can be controlled, we inserted a thin MgO 
layer between Cr and FePt layers, as shown in Figure 5.8. MgO was chosen as it can act 
as a diffusion barrier without destroying the heteroepitaxial growth by providing (200) 
texture with only 3.3% lattice mismatch. 
Figure 5.9 displays the XRD patterns of the FePt/ MgO/ Cr thin films deposited on SiO2 
substrate with fixed Ts of 350 °C for the Cr seedlayer and various thicknesses (t = 15 Å, 
25 Å, 50 Å and 100 Å) for the MgO layer. As shown in this Figure, Cr (200) peak was 
appeared in the all samples. Clear L10 FePt can be observed when MgO is thicker than 
15 Å. By increasing the MgO layer thickness (> 25 Å), peak full width at half 
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maximum (FWHM) of the rocking curve (∆θ50) at the fcc-FePt (111) increases, 
resulting the decrease in FWHM of the ∆θ50 at the L10 FePt (001). This behaviour is 
reverse where the MgO layer thickness is deacreasing (< 25 Å). This could be explained 
by the fact that the thicker barrier (here MgO layer) could reduce diffusion between 
FePt and Cr layer and therefore, promoting the L10 FePt growth. 
Figure 5.10 shows the MH loops of FePt/ MgO/Cr thin films with different thicknesses 
of MgO layer. The hysteresis curves reveal a larger remanent moment and coercivity 
for layers deposited on thicker MgO barrier layer, indicating that the MgO barrier layer 
improves the PMA of the FePt thin films.  
 
 
Figure 5.8 Schematic of film structures: SiO2 (substrate)/ Cr 500 Å (350 °C)/ MgO (t)/ Fe55Pt45 




Figure 5.9 XRD patterns for thin films with different MgO thickness (t) between Cr seedlayer and 
FePt magnetic layer. The Cr layer was deposited at a fixed substrate temperature of 
350°C. 
 
Figure 5.10 Hysteresis curves of FePt deposited on Cr(500 Å) /MgO seedlayers. Cr deposition 
substrate temperature was fixed at 350 °C and MgO thicknesses were varied. 
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Further investigation on Cr diffusion into the FePt layer was done by conducting XPS 
measurements, in order to quantify the amount of diffusion between the Cr seedlayer 
deposited at different Ts and FePt magnetic layer. A broadening of Cr signal peak in the 
sputter depth profile of the FePt/ Cr can be observed from Figure 5.11, as a function of 
Ts. This Figure shows that the Cr diffusion into FePt is increased from 10% to 25% by 
increasing the Ts from 300 °C to 400 °C.  
Although Cr diffusion into L10 FePt could be understood and eliminated by inserting a 
thin MgO layer, it is not a practical solution in the fabrication of memory devices. 
Firstly, we studied the surface roughness for these samples using AFM. Despite the 
report from Inami et al. [16], wherein they showed a roughness of ~120 Åon Cr 
interface in which the roughness reduces to 1.2 Åafter annealing at 700 °C, all the 
samples in our study showed very large RMS roughness of ~ 32 Å, Figure 5.12. 
Although, the roughness could be improved to 1.2 Åby increasing the post annealing 
temperature, as executed by Inami et al. [16],  this method could not be promising to be 
used  in future MTJ device structures as there is temperature limitation in MRAM 
circuits (below 400 °C). Secondly, and most important challenge, is that thin MgO 
insertion will increase the device resistance. Therefore, MgO insertion layer in these 
structures would be unsuitable for real MRAM products based on MTJ.  
Accordingly, we proceeded to pay attention towards metallic seedlayer materials which 
do not cause a serious deterioration in the magnetic properties and in addition provide a 
smooth surface at the interface. For this purpose, Pd was attempted as a seedlayer as 




Figure 5.11 XPS patterns for Cr/FePt deposited on SiO2 substrate at different Ts. The Ts varies 
between 300 °C and 400 °C. Fe45Pt45Cr10, Fe42Pt44Cr14 and Fe42Pt35Cr23 alloys form for 
Cr deposition Ts of 300 °C, 350 °C and 400 °C, respectively. 
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Figure 5.12 AFM images on the FePt surface, deposited on Cr (500 Å) /MgO seedlayers. Cr 
deposition substrate temperature was fixed at 350 °C. 
5.3.3 Pd Texture Effect on L10 FePt Growth  
Pd was chosen as a potential seedlayer as it is a good conductor and at the same time it 
can provide the relevant crystallographic texture. Here, the stack was grown on the 
MgO (100) substrate as shown in Figure 5.13. The Pd and FePt have a low lattice 
mismatch of below 1%, as Pd has a lattice parameter of 3.89 Åwhile the lattice 
parameter of L10 FePt is 3.86 Å. This reduced lattice mismatch is advantageous as 
compared to the large lattice mismatch between the FePt (001) and MgO (200) of 
9.07%, and FePt (001) and Cr (200) of 5.8% [17, 18]. However, the main challenge 
needs to be solved is that, for Pd (Pt), the lowest energy phase at room temperature is 
fcc with (111) crystal orientation [19]. The fcc (111) crystal lattice orientation is not 
suitable to promote L10 FePt. Therefore, there is a need to optimize conditions in which 
Pd can grow with a bcc (200) texture, suitable for L10 FePt. To solve this problem, we 
tried to deposit Pd at different substrate temperatures, Ts and check the possible change 
of fcc (Pd lower energy phase) to bcc (Pd higher energy phase). 
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Figure 5.13 Schematic of film structures with Pd seedlayer of 400 Ådeposited prior to 150 Åthick 
FePt. Pd seedlayer was deposited at different temperatures. 
Figure 5.14 shows the XRD patterns of the FePt/ Pd thin films at various Ts of the Pd 
seedlayer. The XRD scan for the Pd films deposited at room temperature shows strong 
Pd-fcc (111) crystal lattice orientation and no L10 FePt phase. It is evident that Pd 
deposited at room temperature grows at its lower energy phase (fcc (111)), hence, 
cannot promote L10 FePt phase. However, at higher deposition substrate temperatures, 
Pd starts to grow with a bcc (200) texture. This leads to an increase of fct-FePt (002) 
orientation. Thus, L10 FePt (001) peak intensity starts to improve. The FePt-fct phase 
improvement is also confirmed by the full width at half maximum (FWHM) of the 
rocking curve (∆θ50) of the Pd (200) and FePt (001) peaks as a function of the Pd 
deposition temperature, as shown in inset of Figure 5.14. The results indicate that 
sample with Pd seedlayer deposited at 300°C produces a stronger Pd(200) peak with a 
smaller ∆θ50 at the mentioned peak position. Moreover, from the Figure, strong peak 
intensity for L10 FePt with its fct (001) texture can be seen. The ∆θ50 for this peak 
shows a small value at around this deposition substrate temperature which could be a 
strong support to confirming well-ordered L10 FePt growth.  
In order to find the optimal Pd deposition substrate temperature, we must study: firstly, 
the long range ordering parameter, S, at different Ts for Pd seedlayer; afterwards, the 
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interface quality at the deposited FePt; and finally, the PMA of the samples by checking 
their magnetic behaviour for different Ts of Pd seedlayer. All these three steps are 
necessary in order to understand the optimal deposition temperature to promote the best 
L10 FePt for future MTJ structures. To this end, we studied “S” as a function of Ts of 
Pd, using Equation 5.1. The value of S was found to vary from 0.67 to 0.78 at different 
Pd deposition Ts with a maximum value at 300 °C and the minimum value at 500 °C. 
AFM measurements were carried out to evaluate the roughness for the deposited 
samples and the AFM scans are shown in Figure 5.15. It was observed that the samples 
deposited at temperatures higher than 400 °C form strong faceted maze-like FePt 
structures with regular-shape distribution as shown in Figures 5.15(c, d) [20]. The L10 
FePt maze-like structures are aligned along the direction of MgO [100]. The major facet 
planes are (100) and (010) which lead to a larger surface roughness, around 14.5 Å, for 
higher substrate temperatures [21]. However, for the samples deposited at temperatures 
lower than 400 °C, a smooth sample surface was observed where the roughness above 
the capping layer was around 4.6 Å(Figures 5.15(a, b)). The low roughness value 
indicates that low temperature growth of Pd at 300 °C is suitable for better texture as 




Figure 5.14 XRD patterns for the thin films with the structure MgO (substrate)/ Pd 400 Å (Ts °C)/ 
Fe55Pt45 150 Å (500°C)/ Pd 50 Å. The 400 ÅPd seedlayer was deposited at different 
temperatures. Inset: full width at half maximum (FWHM) of Pd (200) and FePt (001). 
 
Figure 5.15 AFM images of (a) deposited Pd at Ts of 350 °C with RMS of 4.6 Å, (b) deposited Pd 
at Ts of 400 °C with RMS of 10.6 Å, (c) deposited Pd at Ts of 450 °C with RMS of 
12.6 Å, (d) deposited Pd seedlayer at Ts of 500 °C reveals a roughness (RMS) of 14.5 
Å. The sample with Pd seedlayer deposited at high temperature > 400 °C forms 3-
dimentional islands with large surface roughness. 
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After analysing both the ordering parameter and the surface roughness of all the 
samples, we determined the correlation between these two parameters, Figure 5.16. The 
figure indicates the optimal Pd deposition substrate temperature at Ts = 300 °C. 
However, to make an effective conclusion, we found it necessary to investigate the 
magnetic behaviour of all the samples with different deposition substrate temperature of 
which they appear with their PMA. 
Therefore, we investigated the effect of different Pd substrate temperatures on the 
magnetic properties of FePt layer, by hysteresis loop and MFM measurements. The MH 
loops for the samples measured with magnetic applied field perpendicular to the film 
planes are shown in Figure 5.17. The sample with Pd seedlayer deposited at room 
temperature shows in-plane magnetization which also confirms the absence of 
chemically ordered L10 FePt with the fct phase and the presence of FePt (111) 
orientation with the fcc phase in the XRD scan, as shown in Figure 5.14. The out-of-
plane magnetization is achieved for Pd deposition at substrate temperatures higher than 
250 °C while a decrease of remanent magnetization “Mr” was observed beyond 450 °C. 
This decrease of Mr at high temperature may arise from deterioration in the easy axis 
direction or from a decrease of anisotropy. However, as the FePt(001) peak was very 
narrow (the FWHM of the ∆θ50 at the FePt (001) peak is less than 2), easy axis 
dispersion can be ruled out. We speculate that the mixing of Pd in the FePt layer as a 
possibility. Therefore, XPS measurements were conducted to quantify the mixing of Pd 
and FePt to explain possible anisotropy changes. Figure 5.18, shows the XPS results for 
the mentioned samples. It is clearly observed that the Pd diffusion into the FePt 
magnetic layer increases with increasing the deposition Ts. 
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Figure 5.16 Roughness measurements as a function of ordering parameters for the thin films with 
the structure of MgO (substrate)/ Pd40nm (Ts °C)/ Fe55Pt45 15nm (500 °C)/ Pd 5nm 
and different deposition substrate temperature (Ts).  
 
Figure 5.17 Hysteresis curves for the thin films with Pd seedlayer deposited at different substrate 
temperatures. The faster reversal around nucleation field indicates the reversal of 
magnetization in certain regions, which results in reduced magnetostatic energy. 
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It is quite likely that the Pd diffusion into the FePt magnetic layer leads to an alloy in 
the form of (FexPt1-x)yPd1-y which changes the magnetic property of FePt layer. S. 
Yoshimura et al. [22], reported that the anisotropy decreases by increasing Pd content in 
Fe(PdxPt1-x), in which L10FePd has relatively lower PMA field as compared with 
L10FePt think films  [23].  Figure 5.18, shows the increase in diffusion of Pd non-
magnetic layer into the FePt magnetic layer causing the decrease of Fe atomic 
concentration, by increasing the Pd seedlayer deposition Ts. Therefore, the degradation 
of anisotropy due to the increase of Pd atomic concentration in the FePt magnetic layer 
could be concluded form figure 5.18. It is also important to note here that the above MH 
loops in figure 5.17, show two reversals; a faster one after nucleation and a slower one 
near / after the coercive point, inset figure 5.17. Similar behaviour has been reported in 
CoCrPt:SiO2 media with significantly large exchange coupling [24]. It has been 
reported that the faster reversal around nucleation field happens due to the reversal of 
magnetization in certain regions, which results in reduced magnetostatic energy. 
The slower reversal near/after the coercive point which is leading to a large tail in the 
hysteresis loop beyond coercivity is due to the nucleation of a large number of domains 
followed by a slow domain movement [25]. This causes an increased tail at the 
saturation field. The large tail in the hysteresis loop beyond coercivity could also be due 
to the field needed to overcome the magnetostatic and anisotropy energy. As the 
patterned magnetic dots have to behave as a single magnetic domain, unlike for 






Figure 5.18 XPS patterns for thin films Pd/ FePt deposited at different Ts. The Ts varies between 
300°C, 400°C and 500°C. Pd diffusion in the FePt magnetic layer increases and 
therefore Fe atomic concentration decreases, by increasing the Pd deposition Ts. 
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5.4 Conclusions and Future Works 
In summary, the growth mechanism to transfer FePt from fcc phase to ordered fct phase 
was investigated. In order to use L10 FePt, in MTJ structures, different seedlayers were 
investigated. Firstly, the effect of Cr seedlayer was studied. The Cr seedlayer show bcc 
(200) for the deposition temperatures above 350 °C. Although, it is believed that the 
ordered L10 FePt can grow epitaxially along bcc (200), no ordered phase was observed 
in XRD patterns or in magnetic hysteresis curves. XPS investigations proved that this is 
due to Cr diffusion into FePt magnetic layer which could change FePt magnetic 
properties. Insertion of thin MgO layer between Cr seedlayer and FePt magnetic layer 
could act as a diffusion barrier and therefore promote ordered FePt in both XRD 
patterns and hysteresis curves. However, this structure cannot be used in real MTJ 
structures as MgO insulator layer insertion increases the device resistance and it would 
be undesirable for MRAM applications. In the next conductive Pd layer was used as a 
seedlayer. Pd seedlayer was found to promote good L10 FePt growth with small surface 
roughness and larger ordering parameter at temperature range between 300 °C to 400 
°C. It was found that the formation of Pd in fcc-(002) orientation can improve the L10 
FePt peak intensity. Moreover, the growth of Pd at 300 °C was found to provide a 
minimum roughness value of 4.6 Å and a larger ordering parameter of 0.78, to indicate 
its potential as a seedlayer for L10 FePt based MTJ stacks. 
However, for industrial MTJ device application, it is necessary to change the MgO 
substrate with Si substrate and also improving the interface quality by decreasing the 
roughness (ideal to be less than 1 Å) which makes it worthy to continue more work on 
the objective of this thesis. First of all, this is crucial to note that compared to Si 
substrate with a low roughness in the range of 0.7  0.1 Å, MgO substrate roughness is 
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within the range of 4.3  0.1 Å. Therefore, the total roughness would be decreased by 
changing the MgO substrate with Si substrate. Secondly, it also could be interesting to 
note that the roughness could be decreased by engineering the material structures or 
using a combination of bilayers in both seedlayer of ferromagnetic electrode. This topic 
would be open for future investigations.  
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C H A P T E R  6  
6. CONCLUSIONS AND RECOMMENDATIONS 
Advantages of MRAM devices using PMA materials led us to define a project with 
the objective to investigate different perpendicular magnetic anisotropic materials for 
MRAM applications. Our focus in this project was mainly devoted to three different 
types of candidates, thin CoFeB with PMA, Co/ Pd multilayers and L10 FePt. Due to 
numerous applications and investigations on Co/ Pd-based bilayers, this was known as 
“near-future candidate” for MRAM application. However, because of difficulties and 
challenges in order to fabricate FePt in its L10 phase, this candidate is known as “future 
candidate” for MRAM applications. The recent discovery of thin layer of CoFeB with 
PMA in MTJ structure opened new horizons to the potentially high performance 
perpendicular STT-MRAM. Soon after discovery, this was known to be potential 
candidate for emerging MRAM applications. The work presented in this project, 
provides the fundamental studies on PMA materials. Following conclusions in each 
paragraph and recommendations for future works can be drawn from the results 
mentioned in previous chapters. 
6.1 Co/ Pd-based multilayers in PSV and MTJ Stacks  
Co/Pd (Pt)-based multilayers are the most well-known PMA candidates, in both 
fields of MRAM and patterned media, as they offer a large Ku and they do not require 
complicated fabrication methods. In Chapter 4, we studied Co/ Pd-based mutlilayers in 
both PSV and MTJ device structures. 
To the best of our knowledge, there was no systematic study on the texture effect on 
PMA of Co/ Pd-based multilayers. Therefore, texture effect on magnetic and 
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magnetoresistance properties of Co/ Pd-based bilayers in PSV structures was 
investigated. The texture was presented to be effective to achieve PMA and GMR of the 
PSV structures. It was known that fcc (111) texture of the seedlayers (Ta/ Pd) could 
help PMA growth of the soft layer. Amorphous seedlayer (such as Ta), with the 
thicknesses beyond 30 Å, was observed to promote better PMA and distinct switching 
between the soft and hard magnetic layers to identify the parallel and antiparallel states. 
However, crystalized textures with bcc formation in the seedlayer were shown to block 
PMA growth for Co/ Pd-based bilayers (Cr and CrRu for the thicknesses beyond 20 Å). 
Atomic diffusion in the layers is mainly considered as a cause of TMR degradation 
in MTJ device structures. One reason could be that the annealing process takes a long 
time (usually for an hour). Therefore, we investigated short time annealing process. The 
results showed that the proposed annealing method could be promising in order to 
achieve higher TMR in MTJ structures as compared with vacuum annealing; and the 
reason was shown to be due to decreasing diffusion of non-magnetic layers to magnetic 
and also spacer layer. 
The effect of different spin polarizers in PSV structures also was investigated. 
Although CoFe spin polarizer layer exhibited the maximum GMR in SV structure, 
CoFeB polarizer is required in real MTJ structures in order to improve TMR signal. 
Therefore, we focused on the saturation magnetization effect of the spin polarizer layer 
(SPL) by using different atomic compositions of Co100-xFexB20, in PSV structures. 
Improved PMA and larger GMR after annealing at 250 °C were observed in PSV 
structures using Co60Fe20B20-SPL. This was shown to be due to the improvement of 
interface roughness. In contrast with PSV structures, Co20Fe60B20 showed better PMA 
and distinct switching between soft and hard layers, in MTJ thin films. This was 
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explained to be due to Fe-rich compositions at the interface (and also bcc crystal lattice 
orientation) of Co20Fe60B20/ MgO and therefore enhancing the PMA. However, CoFeB 
in MTJ-based Co/ Pd multilayers is deposited on Co/Pd bilayers. This was shown that 
fcc (111) crystal lattice orientation from the bilayer would be transferred to the CoFeB. 
As a results, this was concluded that CoFeB grown on Co/Pd bilayers is not amorphous. 
Besides layer diffusion, this could be further reason why TMR signal drops in MTJ-
based Co/Pd multilayers. Structure was designed to grow amorphous CoFeB.  
Overall, there are a lot of potential studies on perpendicular MTJ stacks with Co/ Pd-
based multilayers which could help in improving the performance of such devices in 
MRAM applications. Some potential researche areas are mentioned in the following 
part.  
6.1.1 Proposal forfuture work: 
 Although, short time annealing shows a very good effect on PSV structures, it is 
necessary to compare this type of annealing with vacuum annealing in MTJ 
patterned structures.  
 It also will be very interesting to study effect of different Co80-xFexB20 
compositions in perpendicular MTJ devices. 
 Pd and Pt are known as a challenging materials in device fabrication and 
specially etching perspective. Therefore, in material point of view, this is 
necessary to design a stack which does not suffer from  having Pd or Pt layers. 
6.2 PMA in Thin Layer of CoFeB 
The origin of PMA in CoFeB still is not well understood; but, in a very simple word, 
this is clearly known that there is a competition between interface and bulk anisotropy 
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in which the former (interface anisotropy) dominates the latter (bulk anisotropy) and 
therefore CoFeB magnetization tends to be out of plane. However, by increasing 
CoFeB thickness, magnetization orientation becomes titled and finally orients in the 
plane direction. The critical note from the results as shown in the literature was that the 
thin layer of CoFeB could be out of plane, only if this layer is sandwiched between Ta 
(amorphous layer) and MgO tunnel barrier or between two MgO interfaces. 
Although the results of the above works were very interesting, one of the main 
challenges was the thickness of CoFeB (< 1.3 nm) free layer. In order for the MTJ 
devices to be thermally stable, CoFeB free layer thickness needs to be increased without 
scarifying the PMA. In a case of dual MgO interface, two other challenges occure: 1. 
High resistivity due to using two MgO layer which could be solved by using a very thin 
layer of MgO (less than 3.5A) as the second interface. However, this would be an extra 
difficulty in stack uniformity. 
The results reported in our studies, confirm the improved thermal stability by increasing 
the thickness of CoFeB while the PMA of the layer remains. In this system, a couple of 
numbers of CoFeB/X bilayers were used which “X” is the key material in order to 
achieve PMA in MTJ-based CoFeB device structures. The total thickness of CoFeB in 
proposed system could be increased beyond 4 nm and therefore it could be possible to 
decrease the device size down to 17 nm in future applications. Although interesting, we 
tried to only cover one of the challenges in this area, however, there are still issues 
remained to be solved and would be our focus in future. 
6.2.1 Proposal for future work: 
 To investigate the origin of PMA in CoFeB sandwiched between Ta and MgO 
layers.  
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 Although thin films of MTJ stacks with CoFeB-based PMA shows low damping 
factor, the results reported by researchers show large damping factor after 
device fabrication. The origin of this enhancement has not been well understood 
yet. Therefore, it could be interesting to study why damping factor increases in 
such systems after device fabrication. 
6.3 Chemically ordered L10 FePt for MRAM applications 
Materials like chemically ordered L10 FePt or L10-CoPt are known to possess very high 




). Large Ku makes these materials interesting to 
be used in perpendicular MTJ-based structures where the device size can be scaled 
down to 5 nm without affecting on thermal stability and therefore without losing any 
information. However, there are some challenges (as listed below) in these magnetic 
elements which delay their applications in real devices and that is the reason in this 
thesis, we call them “materials for future applications”.  
1. There is a critical need for the seedlayer to be electrically conductive, in order to 
be used in MTJ device applications. 
2. High temperature is required in order to transfer fcc phase to chemically ordered 
L10 phase. For this material to be used in real MTJ device structures, process 
temperature is required not to exceed 400 ˚C, which is the maximum 
temperature limitation of real MRAM process. 
3. Large anisotropy field in both patterned and un-patterned MTJ device structures. 
4. Higher damping factor in their L10 phase, which needs large switching current. 
The above mentioned difficulties in using these materials for MRAM applications have 
led to several studies. Since the interest of this thesis is mainly on the material and stack 
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engineering; we only focused on the seedlayer effect on the growth mechanism of L10 
FePt in Chapter 5. 
In this chapter, Cr and Pd were studied as conductive seedlayers.  However, from the 
results observation, it could be concluded that Pd (deposited at 300 °C) promotes better 
L10 FePt with larger ordering parameter (about 0.78) and smaller interface roughness 
(minimum 4.6 Å). In contrast, although Cr seedlayer is highly used, especially in media 
applications, it does not provide any L10 FePt with fct phase and remains at this fcc 
phase which from the results observation was concluded to be due to changing the 
magnetic properties of FePt due to Cr diffusion at high substrate temperatures (above 
300 °C).  
For industrial MTJ device application, there are yet many challenges need to be solved 
which would be explained in the following part. 
6.3.1 Proposal for Future studies: 
 MgO substrate needs to be replaced with Si substrate. 
 The material stack engineering is required in order to decrease the Gilbert 
damping constant, without losing Ku and PMA of the magnetic layer. 
 
